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A systematic research, which covers from the characterization of the intrinsic 
properties for dense film to the optimization of a spinning system and finally the 
chemical cross-linking modification on the resultant hollow fibers to withstand the 
plasticization of CO2 for CO2/CH4 separation, has been presented in this thesis. 
 
The work on various diffusion coefficients, which is based on permeation and sorption 
experiments of 6FDA-6FpDA polyimide membranes, has served to be the basis for the 
analysis and comparison of the different diffusion coefficients of gases, in terms of the 
Henry and Langmuir mode diffusion coefficients DD and DH, the average diffusion 
coefficient Davg, the local diffusion coefficient or the effective diffusion coefficient, 
Deff, as well as the apparent diffusion coefficient Dapp.  Experimental results show that 
only a fraction of gas molecules trapped at the Langmuir sites are mobile and 
correspondingly have a lower diffusion coefficient in comparison with those sorbed by 
the Henry mode mechanism. The Henry mode diffusion coefficient, DD,t, obtained 
from the time-lag method is in fair agreement with the obtained DD from the 
permeation and sorption isotherms. Except for CO2  case, the magnitude of DD, DH, 
Davg and Dapp of the three non-interacting gases increases in the order of CH4 < N2 < 
O2. The strongest pressure dependence is observed in CO2 due to its strongest tendency 
to interact with the polymer membrane and its highest condensability.  The magnitudes 
of all the diffusion coefficients discussed follows the order of DD (DD,t) > Deff > Davg > 
Dapp > DH. However, in the extreme condition of upstream pressure approaching zero, 
i.e. an infinitely diluted situation, the difference among Deff, Davg and Dapp caused by 
the concentration dependence of diffusion coefficients will vanish, whereas the value 
 x
of Deff becomes closer to the value of DD or DD,t when the upstream pressure is high 
enough. 
 
Based on a study of the pressure and temperature dependences of 6FDA-2, 6-DAT 
dense films, we built a database whereby: 1) the sorption isotherms are fairly fitted 
with the dual-mode sorption model, with the magnitudes of dual-mode sorption 
parameters kD and b of these four gases following the order of N2 < O2 < CH4 < CO2. 
Gas solubility coefficients decrease with either increasing pressure or increasing 
temperature. At the same time, the absolute values of the heats of sorption for O2, N2 
and CH4 decrease with increasing pressure in the whole pressure range with the 
greatest change found for CO2 when the feed pressure is greater than the inherent 
threshold pressure for plasticization; 2) the average diffusion coefficient increases in 
the order of O2 > CO2 > N2 > CH4. The average diffusion coefficients are found to be 
accelerated at higher pressures and higher temperatures. Additionally, the temperature 
dependence of diffusion coefficients increases with an increase in the penetrant size; 3) 
the permeability vs. pressure relationship fits the partial immobilization model well. 
The temperature dependence of diffusion coefficients is found to play a dominant role 
in determining the temperature dependence of overall permeation; 4) this study 
suggests that the plasticization pressure could not be diagnosed from the permeability 
vs. pressure relationship. A better approach is proposed to identify the plasticization 
pressure in polymer membranes by examining its absolute value of the heat of sorption 
of CO2 as a function of CO2 pressure.  
 
We have also optimized and evaluated the spinning of 6FDA-2, 6-DAT asymmetric 
composite hollow fibers membranes.  Results reveal that 6FDA- 2, 6-DAT asymmetric 
 xi
hollow fibers have a strong tendency to be plasticized by CO2 and suffer severe 
physical ageing. However, the newly developed 6FDA-2, 6-DAT hollow fibers still 
possess impressive ultimate stabilized performance with a CO2/CH4 permselectivity of 
40 and a CO2 permeance of 59 GPU under mixed gas tests. These results manifest that 
6FDA-2, 6-DAT polyimide is one of the promising membrane material candidates for 
CO2/CH4 separation application if its anti-plasticization characteristics can be 
improved. Chemical modifications to reduce plasticization of 6FDA-2, 6-DAT will be 
our next research focus. 
 
To further modify the 6FDA-2, 6-DAT hollow fibers for CO2/CH4 separation, the 
cross-linking by p-xylenediamine or m-xylenediamine has been carried out and we 
have found that two cross-linking reagents, p-xylenediamine or m-xylenediamine, 
show comparable effectiveness in terms of the plasticization resistance, and the 
permeance of cross-linking modified membranes decreases with increasing degree of 
cross-linking, while CO2/CH4 permselectivity varies only slightly but remains 
reasonably high, finally the proposed chemical cross-linking modifications do not 
significantly change the d-spacing of 6FDA-2,6-DAT membranes, but protect nodule 
integrity from CO2 induced swelling and suppress polymer chain vibrations which is 
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Membrane-based separation has emerged to be one of the promising and rapidly 
growing areas in process technology (Rousseau, 1987). A membrane, principally a 
selective barrier, achieves a separation by allowing certain components in a fluid 
mixture to pass through while rejecting others, thus resulting in a preferential passage 
of certain components (Mulder, 1996).  Available membrane-based separation 
processes includes gas separation, reverse osmosis, microfiltration, ultrafiltration (Fane, 
1984), liquid separation, pervaporation (Okada and Matsuura, 1991), dialysis and 
electrodialysis. The work presented here focuses on the membrane-based gas 
separation. 
 
Because glassy polymers possess the advantageous combination of permselectivity and 
permeation properties, they are preferred over rubber and crystallized/semi-crystallized 
polymers for membrane-based gas separation processes. The gas separation 
membranes have no molecular-scale defects on their selective layer, thus can be 
termed as nonporous.  These processes are more economical and energy-efficient than 
the traditional approaches like cryogenic distillation that requires a phase change of the 
feed mixture. Generally, the driving force for the permeation of gas penetrants through 
the membranes is the difference in chemical potential resulted from the concentration 
difference at the upstream and downstream membrane sides (Koros and Fleming, 
1993).  Separation is achieved as a consequence of the difference in the relative 
transport rates of different penetrating gas molecules, i.e. components that permeate 
faster will be enriched in the permeate stream, while the other components will 
become concentrated in the retentive stream.   
 2
1.1     General background of membrane and membrane process for 
gas separation 
1.1.1 History background 
 
The earliest revelations of membrane-based gas separation employing natural rubber 
membranes date back to the 1830’s by Graham and Mitchell. Mitchell (1830,1833) 
studied the blows of different penetrants through a gas-filled rubber balloons. He 
observed that the blow rates were different for various gases due to their natures: 
carbon dioxide is the “fastest” gas and hydrogen is faster than air. Being a pioneer, 
Graham not only obtained the oxygen-enriched air with oxygen concentration of 46.6% 
by permeation through nonporous natural rubber films, but also proposed a series of gas 
transport theories in membrane-based gas separation, which includes: (1) the gas 
permeation through rubber membranes abides by the “solution-diffusion” mechanism, 
i.e. the gas molecules in the upstream gas side (high-pressure side) first sorb into the 
membrane surface, then diffuse across the membrane, finally desorb from the 
membrane surface on the downstream gas side (low-pressure side); (2) A higher 
pressure in feed gas should result in a higher permeation flux; (3) A change in 
membrane thickness only affects the permeation flux but not the composition of 
permeating gases; (4) The permeation rate is a function of operating temperature. His 
famous paper published in 1866 is a guiding tour to membrane researchers for many 
decades ever since (Graham, 1866). During the next more than 100 years, numerous 
gas transport theories for polymeric membranes were developed as shown in Table 1.1, 
among which the dual-mode model is a prime one for describing the sorption and 
transport of gases in most glassy polymers.  This model will be further discussed in 
details in Chapter 2. 
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Table 1.1 Development of membrane gas transport theory (Kesting and Fritzsche, 
1993) 
 
Investigator (Date) Event 
Graham (1829) First recorded observation 
Mitchell (1831) Gas permeation through natural rubbers 
Fick (1855) Law of mass diffusion 
von Wroblewski (1879)  Permeability is a product of diffusion and solubility 
coefficients 
Kayser (1891) Demonstrated validity of Henry’s law for the absorption of 
carbon dioxide in rubber 
Lord Rayleigh (1900)  Determination of relative permeabilities of oxygen, 
nitrogen and argon in rubber 
Knudsen (1908) Knudsen diffusion defined 
Shakespear (1917-
1920) 
Temperature dependence of gas permeability independent 
of partial pressure difference across membrane 
Daynes (1920) Developed “time lag” method to determine diffusion and 
solubility coefficients 
Barrer (1939-1943) Permeabilities and diffusion coefficient followed Arrhenius 
equation 
Matthes (1944) Combined Langmuir and Henry’s law sorption for water in  
Cellulose 
Meares (1954) Observed break in Arrhenius plots at glass transition 
temperature and speculated about two modes of solution in 
glassy polymers 
Barrer, Barrie, and 
Slater (1958) 
Independently arrived at dual mode concept from sorption 
of hydrocarbon vapors in glassy ethyl cellulose 
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Michaels, Vieth, and 
Barrie (1963) 
Demonstrated and quantified dual-mode sorption concept 
Vieth and Sladek 
(1965) 
Model for diffusion coefficient in glassy polymers 
Paul (1969) Effect of dual-mode sorption on time lag and permeability 
Petropoulos (1970)  Proposed partial immobilization of sorption 
Paul and Koros (1976) Defined effect of partial immobilizing sorption on 
permeability and diffusion time lag 
 
Until early 1960s, the membrane-based gas separation was not commercialised 
primarily due to the reason that rational gas flux for practical interests could not be 
achieved even in the thinnest symmetric polymeric membranes.  The real breakthrough 
took place in 1963 when Loeb and Sourirajan developed an asymmetric membrane 
made of cellulose acetate with a very thin and dense skin (0.2 µm) overlaying a porous 
layer that provides mechanical support with relatively small resistance to transport 
(Loeb and Sourirajan, 1963). Subsequently, rather than seeking the higher flux by 
reducing membrane thickness, DuPont produced melt spun polyester hollow fiber 
membranes to overcome the low productivity by generating an astonishing membrane 
module area densities as high as 10000 ft2/ft3 (Gardner et al, 1977; Antonson et al, 
1977). In 1980, Henis and Tripodi developed a caulking method to eliminate the 
pinholes in hollow fiber membranes with a thin layer of a highly permeable polymer 
(Henis and Tripodi, 1980). On the basis of these researches, hollow fiber membranes 
were successfully fabricated by using solution-spinning methods such as the well-
known hollow fiber Prism separators made of polysulfone with surface defects sealed 
 5
by silicone rubber in Monsanto Company (Lonsdale, 1982). Henceforth, membrane 
technology has been widely applied for various gas separation processes. 
 
1.1.2 Classification of membranes and membrane processes for gas 
separation 
 
The classification criterions for membrane research are diverse; the follows introduces 
three means of classifications. 
 
(1) Classification by transport mechanisms 
 
Generally, there are three transport mechanisms in membrane-based gas separation: 
Knudson-diffusion, molecular sieving and solution-diffusion, as shown in Figure 1.1. 
(Koros and Fleming, 1993) 
 6
 
Figure 1.1 Schematic representation of transport mechanisms of membrane-
based gas separation (Koros and Fleming, 1993) 
 
The first type of separation, based on Knudsen diffusion, appears in such membranes 
containing pores in the barrier layer, whose diameters are smaller than the gas mean 
free path (the average traveling distance of a molecule in the gas phase between 
collisions). Knudsen-flow separation membranes are not commercially available for 
practical application because the permselectivity is too low, which equals the inverse 
square root ratio of the molecular weights of the corresponding gas pair. The 
ultramicroporous molecular sieving membranes have the pores with the minimum 
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diameter less than 7 Å and display higher productivities and permselectivities than 
solution-diffusion membrane for some special separations (Koresh and Soffer, 1987; 
Way and Roberts, 1991), however, they are also not commercially attractive for large 
scale application due to its fragility and fouling by condensable penetrants. The 
polymeric membranes based on the solution-diffusion mechanism possess high 
performance for many gas separation processes. This kind of membranes has no 
continuous transport passages, but the thermally agitated motion of polymeric chain 
segments will generate penetrant-scale transient gaps and achieve the penetrants 
diffusion from the feed stream to permeate stream. Therefore, the “solution-diffusion” 
mechanism consists of three steps, that is, the gas molecules in the upstream gas side 
(high-pressure side) first sorb into the membrane surface, then diffuse across the 
membrane, finally desorb from the membrane surface on the downstream gas side 
(low-pressure side).    
 
(2) Membrane types by geometry characteristics 
 
In general, there are five types of membranes for gas separation: dense film 
membranes (symmetric membranes), asymmetric membranes, asymmetric composite 
membranes, microporous composite membranes and matrix composite membranes, as 
shown in Figure 1.2 (Chung, 1996). 
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Figure 1.2 Different type of membranes (Chung, 1996) 
 
A symmetric dense membrane composed of a relatively uniform morphology across 
the membrane thickness can be yielded by a melt spinning or a solvent casting 
approach. This membrane has no commercial value due to poor productivity, but can 
be utilized for characterization of inherent material properties, such as permeability 
and permselectivity. An integrally asymmetric membrane made from a sole polymeric 
material involves a thin, selective layer (0.05-1µm) supported by a porous sub-
structure (100-500µ m). It expresses high permeate flux, but one barrier for most of 
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this type of membrane has a poor permselectivity resulting from the defects existing in 
their skin layers. In the asymmetric composite membrane, one sealing material with 
highly permeability and comparatively low permselectivity is utilized over the 
defective selective layer to seal their defects, thus, a high permselectivity is achieved 
without a significant loss of productivity. A microporous composite membrane has one 
top layer made from a high permselectivity polymer material and one substrate 
supporting microporous structure with little resistance to gas transport, as well as one 
gutter layer to adhere other two layers. The matrix composite membrane is made of a 
mixture of polymers acting as the selective layer or the wholly asymmetric membrane.  
 
(3) Comprehensive membrane classification 
 
There are still other categories of membranes that are not covered in the extensive 
discussions above. As put forward by Koros et al, membranes can be broadly 
categorized into three groups (i) ‘Simple’ sorption-diffusion membranes (ii) ‘Complex’ 
sorption-diffusion membranes and (iii) Ion-conducting membranes, as shown in Figure 




     Figure 1.3 The contender membrane technologies (Koros and Mahajan, 2000)  
 
‘Simple’ solution–diffusion membranes: 
Polymeric solution-diffusion membranes (Figure 1.3 A) used in most commercial 
applications, in which the transport of penetrants is accomplished through the 
formation and fading of transient gaps due to thermally induced motions of the 
 11
polymer chain segments. As good alternatives to the solution-diffusion membranes, 
molecular sieving (Figure 1.3 B) and selective surface flow (Figure 1.3 C) membranes 
have attracted much attention as well.  Molecular sieving membranes are ultra-
microporous and their sufficiently small pores provide the passage to some certain 
molecules and prevent other molecules from passing, as a result, the difference in 
penetrant size is the determining factor in the separation selectivity. Selective surface 
flow membranes are nanoporous, in which the penetrants with stronger adsorbing 
ability will occupy the pore passage after surface diffusion and hinder the transport of 
smaller non-adsorbed molecules through the void space in the pores. However, the 
difficulties in fabrication, fragile and expensive nature, have caused their applications 
to remain in the pilot scale. 
 
‘Complex’ solution–diffusion membranes (Figure 1.3 D): 
Based on the solution-diffusion mechanism, additional phenomena can enhance the 
dissolution and diffusion of some certain penetrants. Facilitated transport membranes 
have interior carrier agents, which can react with certain penetrants and offer its extra 
transport through membranes. Palladium-based membranes are highly selective to 




The ion-conducting membranes include two types: solid oxides and proton exchange. 
The Proton exchange membranes (Figure 1.3E) only conduct protons and reject 
electrons, which can have potential application for fuel cells. The solid oxides 
membranes (Figure1.3 F) are permeable to oxygen ions. According to the conductivity 
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to electrons, it can be divided into two classes: mixed ionic electronic conductors and 
solid oxides. The latter can also have potential application for full cells. 
 
1.1.3 Application of membrane-based gas separation 
 
Compared to other conventional separation technologies, such as cryogenic distillation, 
absorption and pressure swing adsorption (Spillman, 1989), growing academic and 
industrial attentions have been focused on membrane-based gas separation. This is due 
to the facts that membrane-based gas separation may offer more energy efficiency and 
low capital investment, simplicity and ease of installation and operation, low 
maintenance requirement, low weight and space requirement and high process 
flexibility (Tabe-mohammadi, 1999; Coady and Davis, 1982). Taking the nitrogen 
production as an example, the economic operating regimes of different technologies 
are shown in Figure 1.4. 
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Figure 1.4 Economic operating regimes of different technology for nitrogen 
production (Koros and Fleming, 1993) 
 
The membrane technology has been applied in numerous aspects of gas separations as 
listed in Table 1.2. An economic prediction of some mainly membrane-based gas 
separations is shown in Table 1.3. 
 





O2 / N2 Oxygen enrichment for patients  
Inert gas generation 
H2 / Hydrocarbons Refinery hydrogen recovery 
H2 / CO Syngas ratio adjustment 
H2 / N2 Ammonia purge gas 
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CO2 / Hydrocarbons Acid gas treatment 
Landfill gas upgrading 
H2O / Hydrocarbons Natural gas dehydration 
H2S / Hydrocarbons Sour gas treating 
He / Hydrocarbons Helium separations 
He / N2 Helium recovery 
Hydrocarbons / Air Hydrocarbons recovery 
Pollution control 
H2O / Air Air dehumidification  
 
 
Table 1.3 Predicted sales of membrane gas separations in main target markets 
(Baker, 2001) 
Membrane Market (US$ Million) 
Separation 
2000 2010 2020 
Nitrogen from air 75 100 125 
Oxygen from air <1 10 30 
Hydrogen 25 60 150 
CO2 removal from natural gas 30 60 100 
Vapor / Nitrogen 10 30 60 
Vapor / Vapor 0 20 100 




Among the membrane-based gas separations, the important large-scale applications 
include: air separation, hydrogen recovery and acid gas removal from natural gas. 
 
(1) Air separation 
The primary components of air are nitrogen with a concentration of 78% (vol/vol) and 
oxygen with a concentration of 21% (vol/vol). Due to the free nature and abundance of 
air, the membrane technology with low capital investment is competitive in many 
applications. By using membrane technology, the nitrogen product with an enrichment 
of 95-99.5% can be used as an inert gas for blanketing flammable liquids and as a 
sealant gas to prevent the oxidation of foods; the oxygen product with an enrichment 
of 25-40% can be utilized for enhanced combustion as well as in the medical and 
biotechnological fields. 
 
(2) Hydrogen / nitrogen separation 
Hydrogen is one of the essential but somehow deficient chemical raw materials.  
Hydrogen recovery from ammonia purge gas is the first wide-scale commercial 
applications of membranes.   For the industrial scale synthesis of ammonia, a product 
of hydrogen and nitrogen, the purge gas contains valuable hydrogen with a high 
pressure that can be readily utilized due to the incompleteness of reaction to form 
ammonia. Additionally, the enriched hydrogen can be circulated back to the Syngas 
compressor as the subsequent reacting source, meanwhile, this method can result in 
energy savings of ammonia product. 
 
(3) Acid gas removal from natural gas 
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Natural gas is a complex mixture that contains the desirable components such as 
hydrocarbons and some undesirable components such as CO2, H2S and water vapor. 
Not only are the latter gases corrosive to pipelines but also they reduce the energy 
contents of the natural gas. Membrane technology is a valuable tool to remove these 
acid gases to meet the pipeline requirement:  CO2 < 2 %, H2S < 4 ppm and H2O < 
0.1g/m3, before delivery (Tabe-mohammadi, 1999). 
 
As the first two applications outlined above have been commercialized, the relatively 
immature membrane-based CO2/CH4 separation has been our major research focus. 
Two challenges exist in the membrane application for CO2/CH4 separation: the 
selection of polymeric membrane material with high performance and improvement of 
anti-plasticization characteristics of polymeric membrane. For the natural gas 
separation, the economic and efficiency requirement for the application of membrane 
system alone is that the separation factor for CO2/CH4 is 50 or greater (Tabe-
mohammadi, 1999). On the other hand, it is well known that CO2 acts as a plasticizer 
for polymeric membrane at elevated pressures, which will accelerate the permeation 
rate of penetrants and consequently cause the membrane to lose its permselectivity 
(Bos et al, 1998a, 1998b, 1999). The solution to these issues is vital to the application 
of membrane technology in natural gas treatment.   
 
After a brief review of the background of membrane and membrane process for gas 
separation, the following part of this section will focus on the discussion of some 
critical issues controlling successful membrane-based gas separations: material 




1.2 Membrane material selection 
 
The critical characteristics for an ideal material for gas separation membranes should 
include (Rousseau, 1987; Mazur and Jakabhazy, 1984):  
1) Tractability 
2) Chemical resistance to potential contaminants present in gas streams 
3) Mechanical stability under high pressure operation  
4) High temperature resistance  
5) High permselectivity for a given pair of gases   
6) High permeability for the more permeable gas components  
7) Manufacturing reproducibility 
8) Easy synthesis with a low cost  
 
Among the above criteria, the essential characteristics in membrane material selection 
are permeability and permselectivity. The permeability, P, reflects the permeation 
ability of a specific penetrant in a membrane material, which is equal to the pressure 
and thickness normalized flux as shown in eq. (1.1): 
∆pNP l⋅=                                                                                                                (1.1) 
where, N is  permeation flux , l  and ∆p represent the membrane thickness and pressure 
difference between two sides of membrane. According to the solution-diffusion 
mechanism, the permeability is the product of a thermodynamic factor, the solubility 
coefficient S, and a kinetic factor, the diffusion coefficient D. 
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The separation factor, αA/B, represents the separation ability for component A vs. B in a 
membrane material, which is defined as the mole fractions ratio of components A and 




/yy=A/Bα                                                                                                          (1.2) 
In the case of negligible downstream pressure of both components, the separation 
factor is equal the ideal separation factor (permselectivity), which is the ratio of 
permeabilities, i.e., the product of ratios of the diffusion coefficients (D) and solubility 












Pα ×==                                                                                                  (1.3) 
From the definitions, the importance of permeability and permselectivity of membrane 
material is obvious. For a membrane-based gas separation, high permeability can 
minimize the membrane area required for the separation process and therefore reduce 
the capital investment, while high permselectivity can reduce the operating costs.  
 
In the case of membrane material selection, there are two key technical challenges: 1. 
To achieve a higher permselectivity for the relevant application with equivalent 
productivity; 2. To maintain the membrane properties even in the complex and 
aggressive separation situation (Koros and Mahajan, 2000). Therefore, the first step is 
to find out the membrane material candidate with high performance on the basis of 
structure-performance tailoring; then, the second step is to improve the robustness of 
gas separation performance of membrane material under the situations with 
unanticipated factors, such as aging and plasticization, etc.     
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For most polymeric membrane materials, their characteristics of permeability and 
permselectivity are contradictive by nature. There is a trade-off between permeability 
and permselectivity, i.e., high permselectivity is coupled with low permeability and 
vice versa. This is determined by the gas transport mechanism through polymeric 
membrane. For instance, a polymeric membrane with stiff backbone and tightly 
packing geometry can create less pathways for gas diffusion between these rigid 
polymer chains, as a result, their permeability is suppressed while their permselectivity 
is enhanced. In 1991, Robeson summarized the permeability from over 300 references 
and demonstrated the “upper bound” concept between permeability and 
permselectivity for a series of gas mixtures (O2 / N2, H2 / CH4, CO2 / CH4, H2 / N2, He / 
CH4, He / N2, He / H2, He / O2 and H2 / O2). Figure1.5 showed the trade-off 
relationship for CO2 / CH4 separation (Robeson, 1991). 
 
Figure 1.5 Literature data for CO2/CH4 permselectivity versus CO2 permeability 
(Robeson, 1991) 
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Certainly, this kind of “upper bound” curve is not fixed. With the development of 
polymer material, the “upper bound” curves gradually move up. The objective of 
membrane material selection is to search for the polymer candidate upon the “upper 
bound”. Several methods are feasible to develop new materials for commercial 
applications: synthesis of new polymers, copolymerization, and blending of miscible 
polymers (Coleman et al, 1993) 
 
 
The transport attributes of polymeric membrane are determined by the combination of 
several factors: 1.total free volume; 2. distribution of free volume; 3. inter-segmental 
resistance to chain motions; 4. intra-segmental resistance to chain motions (Coleman 
and Koros, 1994). Based on the relationship of gas performance and the chemical 
structure of polymeric membrane, two principles are available for membrane material 
selection (Coleman et al, 1993; Coleman and Koros, 1994): 
1. A family of polymer materials will tend to increase permeability while 
maintaining permselectivity through the structural alterations, which inhibit 
chain packing with a secondary inhibition to rotational mobility about flexible 
linkages on the polymer backbone. 
2. A family of polymer materials will tend to decrease permeability with desirable 
increases in permselectivity through the structural alterations, which 
significantly suppress the segmental mobility while causing only small changes 
in chain packing.  
 
Polysulfone and cellulose acetate were early commercial membrane material 
preferences and until now still predominant in the membrane market. However other 
polymer families, such as polyimides, polyamides, polycarbonates, polyetherimide and 
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sulfonated polysulfone, have also made up considerably large fraction membrane 
market. Among these polymers, 6FDA (hexafluorodianhydride)-based polyimides 
have attracted much attention for gas separation owing to both impressive gas 
performance with many other desirable properties such as spinnability, thermal and 
chemical stability and mechanical strength as compared with non-fluoropolyimides 
(Coleman et al, 1993; Coleman and Koros, 1994; Costello and Koros, 1995; 
Kawakami et al, 1997; Zimmerman et al, 1998; Staudt-Bickel and Koros, 1999, 2000; 
Zimmerman and Koros, 1999a, 1999b). The 6FDA-based polyimides possess better 
gas performance with high permeability and permselectivity because their rigid 
primary structure contain bulk groups of (CF3), through which the efficient packing is 
inhibited and local segment mobility is reduced. The gas performances of some 6FDA-
based polyimide are summarized in Table 1.4. 
 
Table 1.4 Gas permeability and permselectivity of 6FDA-based polyimides 
membrane (Park and Paul, 1997) 
Polymer PO2 (Barrer) αO2/N2 PCO2 (Barrer) αCO2/CH4 
6FDA-ODA 4.34 5.2 23 60.5 
6FDA-MDA 4.6 5.7 19 45.2 
6FDA-IPDA 7.5 5.6 30 42.9 
6FDA-6FpDA 16 4.7 64 40.0 
6FDA-m-PDA 2.61 7.2 8.23 58.8 
6FDA-2,4-DATr 7.44 5.7 28.63 40.3 
6FDA-3,5-DBTF 6.43 5.5 21.64 48.1 
6FDA-4BDAF 5.4 5.5 19 37.3 
6FDA-6FmDA 1.8 6.9 5.1 63.8 
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6FDA-3,3’-ODA 0.68 6.8 2.1 65.6 
6FDA-3BDAF 1.35 5.6 6.3 48.5 
6FDA-p-PDA 2.1 5.5 11.8 65.6 
6FDA-mp’ODA 1.57 6.1 6.11 48.9 
6FDA-APAP 2.89 6.1 10.7 49.3 
6FDA-BATPHF 6.50 5.0 22.8 32.4 
6FDA-DAF 7.85 6.2 32.2 51.1 
6FDA-TADPO PAAA 0.97 5.7 3.69 42.4 
6FDA-TADPO PYRR 7.9 6.6 27.6 51.1 
 
 
In this study, the 6FDA–6FpDA(poly(4,4-(hexa-fluoroisopropylidene) dianiline)) and 
6FDA-2,6-DAT (poly (2,6-toluene-2, 2-bis (3,4-dicarboxylphenyl) hexafluoropropane 
diimide)) polyimides were selected as our research membrane materials. The 6FDA-
6FpDA polyimide acts as a model material to be utilized for two purposes: 1. To 
examine our dual-volume pressure-decay sorption cell in our lab; 2. To analyse and 
compare the various diffusion coefficients of gases to provide a deeper insight into the 
characteristics of gas penetration through membranes. 6FDA-2, 6-DAT polyimide was 
identified as one of promising membrane material with high performances for natural 
gas separation (Tanaka et al, 1992; Ohya et al, 1996), meanwhile, it is successfully 
fabricated into hollow fiber membranes (Avrillon and Laffitte, 1997).  The main 
focuses of this work have been directed to the build-up of the transport properties 
database for 6FDA-2, 6-DAT dense membrane, the development of new simple and 
convenient fabrication system, and practical chemical cross-linking method for 6FDA-
2, 6-DAT hollow fiber membranes. 
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For most glassy polymeric membranes, physical aging phenomenon is not a negligible 
factor because it can significantly lower their gas performances. Physical aging of 
glassy polymeric membrane stems from the non-equilibrium nature of the glassy states 
and its tendency to equilibrate, which is associated with the volume relaxation of 
polymeric membranes, as a result, the segmental mobility of the polymer chains is 
reduced (Kovacs, 1958; Chan and Paul, 1980; Chow, 1984; Bartos et al, 1990; 
Hutchinson, 1995; McCaig and Paul, 2000). McCaig et al (2000) had developed a 
model, which consists of two simultaneous mechanisms, to describe the loss of free 
volume in glassy polymer: free volume diffusion to the film surface (thickness 
dependent) and lattice contraction (thickness independent). With the increase in 
storage time of polymer membranes under the conditions of constant temperature, zero 
stress and without external forces, some of their physical properties, such as 
viscoelastic, mechanical, electrical and calorific properties, will change (Struik, 1978; 
Aref-Azar et al, 1983; Carfagna, et al, 1988; Vigier and Tatibouet, 1993; Hill et al, 
1990; Bradshaw and Brinson, 1997). At the same time, physical aging can also 
dramatically deteriorate the gas permeability of glassy polymeric membranes. For 
examples, Kapur and Rogers (1972) found that the gas diffusion coefficients of 
membranes will decrease with physical aging; Kim (1988) observed that the 
permeabilities of H2, CO2, O2, N2 and CH4 will lower up to 20-40% with increase in 
aging time in 6FDA-DAF and 6FDA-IPDA films; Chung et al investigated the 
permeances of hollow fiber membranes made of poly [4-vinyl pyridine] / 6FDA-
durene / polyacrylonitrile (PAN), 6FDA-DBN / 6FDA-durene / PAN and 
polyethersulfone (PES) decreased significantly in the early stage of aging and further 
deteriorated slightly (Chung and Kafchinski,1996; Chung and Teoh, 1999). On the 
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other hand, the differences of aging speed relating with membrane thickness were 
observed (Pfromm et al, 1993; Dorkenoo and Pfromm, 1999;Rezac et al, 1993).  
 
Since in CO2/CH4 separation, CO2-induced plasticization is an inevitable issue to 
influence the gas performances of most polymeric membranes under the condition of 
CO2 with high pressure, to improve the resistance of polymeric membranes to 
plasticization caused by CO2 is a focus in current membrane research. The 
plasticization phenomenon of glassy polymers can be identified as a minimum in the 
relationship between the permeability and the feed pressure. The pressure 
corresponding to the minimum is called the plasticization pressure (Bos et al, 1999). 
The CO2-induced plasticization is generally due to the swelling of chain segment in 
polymeric membranes by the sorption of high amount of CO2, which enhances the 
flexibility of polymer chain segments. As a result, the permeability of polymeric 
membranes increases and permselectivity decreases (Wessling et al, 1991). Though the 
CO2-induced plasticization accelerates the diffusion of penetrants, simultaneously, it 
severely deteriorates the gas permselectivity of CO2/CH4, which is a dominant 
characteristic for economic application of membrane technology in natural gas 
separation.   
 
The resistance of polymeric membranes to plasticization have been enhanced after 
cross-linking modification. The typical cross-linking modifications can be achieved by 
various methods, such as thermal treatment, UV irradiation and chemical reaction. The 
cross-linking modification by thermal treatment at 350 oC is successful method for 
Matrimid 5218 polyimide membrane to suppress the plasticization induced by CO2 
(Bos et al, 1998a). The other cross-linking method, UV-irradiation of benzophenone-
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containing polyimide or bisphenol-A based polyacrylates, will cause the improvement 
of permselectivity and the simultaneous deterioration of permeability due to the 
strongly reduced chain mobility and the increased packing density of the polymer 
chains. However, the degree of photochemical cross-linking depends significantly on 
experimental conditions, i.e. irradiation time or the type of mercury lamp (Kita et al, 
1994; Wright and Paul, 1997). After chemically cross-linked by ethylene glycol agent, 
the copolyimide, 6FDA-mPD/DABA, shows higher CO2/CH4 permselectivity due to 
reduced swelling and polymer chain mobility but their CO2 permeability was not 
significantly dropped because the additional free volume stemmed from the cross-links 
compensates the reduced chain mobility, meanwhile, no plasticization phenomenon 
appears even as the pure CO2 pressure is up to 35atm (Staudt-Bickel and Koros, 1999). 
Recently, a simple and practical chemical cross-linking method is developed for 
6FDA-based polyimide membranes simply immersed by p-xylenediamine/methanol 
solution for a certain period at ambient temperature. This method has been proven to 
be practical for 6FDA-durene dense films and dual-layer hollow fibers consisting of a 
6FDA-durene/mPDA (50:50) as the outer selective layer and a polyethersulfone as the 
inner supporting layer (Liu, et al, 2001). 
 
Blending is another available method to suppress the CO2-induced plasticization in 
polymeric membranes. Matrimid 5218 is blended with the oligomer thermid FA-700 to 
form a semiinterpenetrating polymer network (s-pin) upon heating, to suppress the 
plasticization caused by CO2. This type of blending incorporates thermoplastics into a 
thermoset matrix (Bos et al, 1998b). In polysulfone/polyimide blend membrane, it 
introduces more resistance to plasticization compared to pure PI membranes 
(Kapantaidakis et al, 1999) 
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In summary, membrane material selection and material modification governed the 
polymeric membranes applications in gas separation area. The inherent transport 
properties of polymer material determines the economic assessment of a membrane 
system, also the available modification for polymer material enhances its actual 
feasibility for special application such as natural gas separation. 
 
1.3 Membrane formation and characterization 
 
It was recorded that phase inversion processes were used to fabricate membranes as 
early as 1872, which could be grouped into four categories: (a) wet cast/wet phase 
inversion, (b) dry cast/wet phase inversion, (c) dry cast/dry phase inversion, and (d) 
dry cast/dry-wet phase inversion. In this part, the formation of hollow fiber membrane 
has been used as an example to discuss the spinning process and the effect of some 
spinning conditions on hollow fiber membranes. 
 
According to Figure1.6, the dope solution used in fabrication of high-performance 
hollow fiber membrane should have a decomposition curve close to the polymer-
solvent/non-solvent mixture axis in order to cause the precipitation of as-spun fibers to 
take place as quickly as possible under controlled environments. On the other hand, a 
low coagulation-power bore fluid should be used to eliminate the dense layer on the 
inner surface of hollow fiber membranes (Chung and Kafchinski, 1997). Compared to 
the fabrication procedure of flat membrane, there exist more complicated and different 
determining factors in the spinning of hollow fiber membranes. This is due to the facts: 
1. There are two coagulation processes occurring in the hollow fiber spinning (internal 
and external surfaces), however, only one major coagulation takes place in asymmetric 
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flat-sheet membrane. 2. The hollow fiber spinning utilizes a dope solution with much 
higher viscosity and elasticity than that in flat membrane fabrication, which results in 
more complicated rheological behavior of the dope during the phase separation. 3. The 
hollow fiber spinning is usually a procedure with the effects of tension and 
elongational stress, while the flat membranes fabrication do not have the effect of these 
types of stress. The wet-spun nascent fibers experience “convective type” coagulation 
at its internal and external surfaces simultaneously, however, the dry-jet wet-spun 
nascent fibers undergo two coagulation paths. For instance, if liquids are used as bore 
fluids, the first path with a “convective-type” internal coagulation and a 
“nonconvective-type” external coagulation takes place in the air-gap region and the 
second path with two “convective-type” coagulation in both internal and external 
surfaces occurs after the nascent fibers is immersed in the coagulation bath. 
 
Figure 1.6 A typical phase diagram for a ternary system and the coagulation path 
during the precipitation of a hollow fiber at a constant temperature 




Figure1.7 Precipitation in the wet-spinning and dry-jet wet-spinning process 
(Chung and Hu, 1997) 
 
 
Figure1.8 Skin morphology in the wet-spinning and dry-jet wet-spinning process 
(Chung and Hu, 1997) 
The wet-spun fibers undergo vigorous and instantaneous coagulation, which results in 
a long-range random, unoriented chain entanglement and loose structure in membrane 
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skins. The dry-jet wet-spun fibers first experience a moisture-induced phase separation 
path and then a wet-phase inversion path, which results in a short-range, compact, and 
slightly oriented or stretched structures in membrane skins. Additionally, less thickness 
of layer of finger-like voids and significantly lower permeance are observed with an 
increase in air-gap distance (Chung and Hu, 1997). 
 
A commercial hollow fiber membrane should possess superior gas performance, 
permeance and permselectivity, and advanced mechanical properties for application 
field, which are governed by the membrane structures if the membrane material was 
given. A satisfactory membrane structure for gas separation should exhibit the 
following characteristics:  
1) The gas transport through membrane should take place in the selective layer of 
membrane according to the solution-diffusion mechanism, not by nonselective pore 
flow or Knudsen diffusion. Therefore, the selective layer of membrane should have a  
defect-free structure. 
2) The thickness of selective layer of membrane determines their gas flux, thus, an 
ideal hollow fiber membrane should possess thinnest selective layer in order to achieve 
maximum gas fluxes. 
3) The substructure of hollow fiber membranes should provide sufficient mechanical 
strength to support the delicate selective layer under high-pressure condition, at the 
same time, the substructure-induced resistance to gas transport should be negligible. 
 
Due to the complexity of dry-jet wet-spun process, many spinning conditions will 
influence the morphology, mechanical properties and gas performance of hollow fiber 
membranes, such as shear rate, air gap, precipitation rate and solvent exchange, etc. 
 30
Chung et al (2000) studied the effect of shear rates on gas separation performance of 
6FDA-durene polyimide membranes, which suggests that there exists an optimal shear 
rate to fabricate hollow fiber membrane with optimal separation performance and 
morphology. A V (down and up) pattern for permeance and a Λ (up and down) pattern 
have been observed for permselectivity versus shear rate relationships, which means 
that: 1. At low shear rate range, the permeances decrease and their relative 
permselectivities increase with an increase in shear rates. 2. Once a certain shear rate is 
reached, the permeances increase and their relative permselectivities decrease with an 
increase in shear rates. Possible explanation can be obtained from the relationship 
between the fiber geometry and shear stress: a better molecular orientation and a chain 
packing induced by shear were dominant factors for gas performance in low shear rate 
range, while a relatively porous skin structure induced by the low viscosity nature of a 
power-law spinning fluid gave more contribution to gas performance in high shear rate 
range. The enhancements of the molecular orientation and gas permselectivity with an 
increase in shear rate were also investigated by other researchers (Ismail et al, 1997; 
Shilton et al, 1997). 
 
The air gap between the spinneret and the coagulation bath determines the evaporation 
rate of the evaporative solvent in dope solution (Niwa et al, 2000). An increase in air 
gap distance resulted in a hollow fiber with denser morphology, a significant lower 
permeance and higher permselectivity (Chung and Hu, 1997; Ekiner and Vassilatos, 
2001). 
 
The choice of the quench medium is a vital factor to fabricate the asymmetric gas 
separation membrane processing both high permselectivity and high permeance. Fast 
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coagulation of the cast polymer films will result in an asymmetric membrane with thin 
and microporous skin layer upon a substructure containing finger-like macropores. On 
the other hand, slow coagulation will result in asymmetric membrane with rather thick 
skin layer upon a sponge-like substructure (Strathmann, et al, 1975; Pinnau and Koros, 
1992). There are many noncircular distortions in the hollow fiber lumens at low draw 
ratios and/or higher “water-activity” bore fluids. The fiber diameters appear the 
smallest at high draw ratios, low bore/dope flow ratios, and low water activities in the 
bore fluid. However, the fiber wall becomes thicker as bore/dope flow ratios decreased 
(Pesek and Koros, 1994). 
 
The solvent exchange procedure for hollow fiber membrane has a significant impact 
on their final gas performance. Clausi and Koros (2000) studied the Matrimid® fiber 
and found the substructure of dried hollow fiber membrane was weak after solvent-
exchanged by fluids with high surface tension. They suggested that the Matrimid® 
hollow fiber membranes with optimal performance should be solvent exchanged in 
MeOH followed by hexane before drying.   
 
Additionally, Chung et al (1997) demonstrated that PES hollow fiber membranes with 
ultrathin skin-layer of 474 Å could be prepared using mainly a binary (one-polymer 
and one-solvent) system, which attested that the addition of non-solvents into the dope 
solution was not the pre-condition to form ultrathin skin-layer hollow fiber 
membranes. 
 
In addition to the aforementioned, asymmetric hollow fiber membranes made by using 
phase inversion method from Lewis acid: base complex solvent have a multiple of 
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permeation rates and comparable permselectivities compared to those from traditional 
solvent/nonsolvent mixtures. These membranes have a much thinner effective 
separation layer and more free volume stemming from the fact that a rapid dissociation 
of the Lewis acid: base complex by contact with water accelerates the coagulation 
process.  This rapid kinetics of the sol-to-gel transition limits both conformational and 
configurational rearrangement in the nascent membranes (Fritzsche et al, 1989; 
Kesting et al, 1990). 
 
1.4 Module fabrication and system design 
 
Two types of membrane modules are commercial in gas separation applications, 
hollow fiber and spiral-wound, as shown in Figure1.9.  The hollow fiber modules have 
larger ratio of membrane area over volume of 2000-4000 ft2/ft3 and lower production 
cost of $2-5/m2 compared to the spiral-wound modules of 200-250 ft2/ft3 and $10-
100/m2. But the total cost of a membrane plant is not determined by membrane module 
cost because it consists only a small fraction about 10-25% in the total cost (Koros and 




Figure1.9 Principal gas separation membrane module configurations (Baker, 2002) 
 
In a single stage membrane system, the extent of achievable separation and membrane 
area is strongly related with the relative flow patterns of the permeate and nonpermeate 
gas streams in the permeator.  Figure 1.10 illustrated four flow patterns, perfect mixing, 
cross flow, concurrent flow and countercurrent flow. Certainly, the countercurrent flow 






Figure1.10. Diagrams illustration the flow patterns in a single permeation stage 
(Kesting and Fritzsche, 1993)  
 
The optimization of membrane system is complex and professional (Lemanski and 
Lipscomb, 2000,2002) which could be accomplished by various manners, such as 
multistage membrane separation process, recycling of permeate gas stream, and 
adjustment of pressure ratio between feed and permeate gas streams, etc. It must be 
correlated to the actual membrane-based gas separation field.    
  
1.5 Goals and organization of this research 
 
The goals of this work were (i) to review the various diffusion coefficients and their 
characterization based on 6FDA-6FpDA polyimide membranes; (ii) to investigate the 
effects of pressure and temperature on gas transport properties of 6FDA-2, 6-DAT 
polyimide dense membranes; (iii) to fabricate the high-performance 6FDA-2, 6-DAT 
asymmetric composite hollow fiber membranes for CO2/CH4 separation; and (iv) to 
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study the chemical cross-linking modification of 6FDA-2, 6-DAT hollow fiber 
membranes for natural gas separation. 
 
This dissertation is organized into eight chapters including this introduction. Chapter 2 
covers the theoretical background on gas transport mechanism, the characterization of 
different diffusion coefficients in glassy polymers, the pressure and temperature 
dependences of gas performances, and the characterization of gas performance for 
hollow fiber membranes under both pure and mixed gas conditions. 
 
Chapter 3 describes the experimental approaches for this research including dense 
membrane preparation, characterization of dense membranes, hollow fiber fabrication, 
chemical cross-linking modification of hollow fiber membranes, and other polymer 
membrane characterizations such as SEM, FTIR and XRD. 
 
Chapter 4 presents the characterization of various diffusion coefficients of 6FDA–
6FpDA polyimide membranes for gas separation. 
 
Chapter 5 surveys the pressure and temperature dependences of gas transport properties 
of 6FDA-2, 6-DAT polyimide dense membranes. 
 
Chapter 6 focuses on the formation of high-performance 6FDA-2, 6-DAT asymmetric 
composite hollow fiber membranes for CO2/CH4 separation. 
 
Chapter 7 addresses the chemical cross-linking modification of 6FDA-2, 6-DAT hollow 
fiber membranes for natural gas separation. 
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2.1 Gas transport mechanism in membrane 
2.1.1 General principle  
In a flat membrane, the local permeation flux N of a penetrant for one-dimensional 




∂−=                                                                                                               (2.1) 
where D is the diffusion coefficient, which may be a function of local concentration, C, 
in the film, x refers to the distance from the upstream side of the film to downstream 




∂ , represents the gradient of 
penetrant concentration through the membrane, which can be replaced by pressure 
gradient, if Henry’s law is assumed to apply. 
 
In membrane-based gas separation, the most important characteristic, permeability P, is 
defined as the permeation flux N normalized by pressure drop and membrane thickness, 




=                                                                                                           (2.2) 
Here p2 and p1 are the pressures of penetrants at upstream and downstream sides, 
separately, l denotes membrane thickness. (Staudt-Bickel and Koros, 1999) 
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For a rubbery polymer membrane, the gas transport process can be explained by the 
solution-diffusion model, in which the gas molecules in the upstream side (high-
pressure side) first sorb into the membrane surface, then diffuse across the membrane, 
finally desorb from the membrane surface on the downstream side (low-pressure side) 
(Wijmans and Baker, 1995). Therefore, the permeation coefficient can be expressed as 
the product of solubility coefficient S and diffusion coefficient D: 
DSP ⋅=                                                                                                                      (2.3) 
The solubility coefficient, S, is determined by the condensability of penetrants, the 
interactions of polymer and penetrant, and the amount of free volume and its 
distribution in the sample.  The diffusion coefficient, D, is determined by the packing 
and mobility of polymer segments as well as the size and shape of the penetrating 
molecules.  
 
The separation factor αA/B is another critical parameter in membrane-based gas 
separation processes, which is characterized in terms of the downstream (y) and 








/ =α                                                                                                         (2.4) 
In the case of negligible downstream pressure, αA/B is equal to the ideal separation 
factor (permselectivity), α*A/B, defined as the ratio of permeabilities of the two gases A 




Pα =                                                                                                                  (2.5) 
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While according to the solution-diffusion model, the permselectivity of dense 






















A/B ==                                                                                                (2.6)     
 
2.1.2 Gas transport mechanism in glassy polymer membrane 
2.1.2.1 Sorption in glassy polymers 
 
The sorption of a certain kind of gas molecule in glassy polymer membranes is a 
thermodynamic process and the solubility coefficient is determined by (i) the inherent 
condensability of the penetrant, (ii) the polymer–penetrant interactions, and (iii) the 
amount and distribution of the excess free volume in the glassy polymer (Paul and 
Koros, 1976; Koros et al, 1976; Chung and Kafchinski, 1997). As put forward by Koros 
(1977), in the dual mode sorption model the equilibrium concentration of the sorbed 





DHD ++=+=                                                                                     (2.7) 
Here C is the total penetrant concentration, CD and CH represent the local concentration 
of penetrant molecules sorbed in the Henry mode and Langmuir environments, 
respectively. The parameters kD, c’H and b are the Henry law constant, the Langmuir 
sorption capacity, and the Langmuir affinity constant, respectively, which can be 
obtained by a non-linear least squares fitting of the sorption data. The Henry sorption 
refers to the dissolution of a gas in the densified polymeric regions, while the 
Langmuir sorption refers to the trapping of gas molecules in the unrelaxed volume of a 
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polymer matrix below glass transition temperature, Tg. The Langmuir sorption 
capacity, c’H , represents the maximum amount of penetrant that can be sorbed in the 
Langmuir environments of a glassy polymer. The Langmuir environments of a glassy 
polymer refer to the excess free volume frozen in as a result of the non-equilibrium 
quenching from the rubbery state to glassy state. Therefore, the Langmuir sorption 
capacity of amorphous polymers will disappear in rubbery state, that is, above Tg, or 
the transition time from rubbery state to glassy state lasts long enough.  The Langmuir 
affinity constant, b, measures the rate of the sorption over desorption for penetrant in 
the Langmuir mode (Koros et al, 1979). 







D ++==                                                                                                    (2.8) 
 
2.1.2.2    Diffusion in glassy polymers 
2.1.2.2.1 Diffusion coefficients in the Henry and Langmuir modes (DD 
and DH) 
 
Based on the dual mode sorption model, the total amount of gas sorbed in the polymer 
(C) is the summation of the gas concentrations in the Henry sites (CD) and the 
Langmuir sites (CH). Furthermore, in the case of the partial immobilization model 
(Paul and Koros, 1976; Koros, 1977; Koros et al, 1977), it is assumed that the 
Langmuir’s population is only partially mobile as compared to the Henry’s population. 
















+∂−=                                                       (2.9) 
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where DD is the diffusion coefficient in the Henry mode, DH is the diffusion coefficient 
in the Langmuir mode, F is defined as DH/DD or alternatively viewed as the moving 
fraction of the Langmuir’s population. Integrating Eq. (2.9) from the high-pressure 
side to the low-pressure side across the membrane, the relationship between the gas 
permeability and the upstream pressure can be deduced as follows, if DD and DH are 
constants and the downstream pressure is negligible. 
D
2
D D bp  1




++=                                                                                     (2.10) 
where K is the combination of sorption parameter defined as (C’Hb) / kD. Since kD and 
K can be obtained from the experiments of sorption isotherms, DD and F can easily be 
obtained from the slope and intercept the permeability P versus 1/(1 + bp2) plot. 
 
2.1.2.2.2 Average diffusion coefficient Davg 
 
Similar to the rubbery polymer, the permeation in glassy polymers is also generally 
described as a solution–diffusion process. Therefore, the permeability can be expressed 
as the product of average diffusion coefficient Davg and solubility coefficient S (see 
Appendix A) (Krevelen, 1990): 
         SDP avg   ⋅=                                                                                                    (2.11) 
The mathematical definition of Davg is given as the average of the diffusion 












                                                                                                 (2.12) 
 42
where D(C) is the local diffusion coefficient, and C2 and C1 are the concentrations at 
the upstream and downstream sides, respectively. Once P and S are calculated directly 
from the steady-state permeation and sorption experiments, respectively, the average 
diffusion coefficient Davg can be evaluated by Eq. (2.11). Moreover, substituting Eq. 
(2.8) into Eq. (2.11) will produce Eq. (2.13): 
avg
2
D D bp  1




++=                                                                                          (2.13) 
The combination of Eqs. (2.10) and (2.13) will result in Eq. (2.14), whereby Davg is 
expressed as a function of upstream pressure as well as DD if the partial 
immobilization model is valid. 




















++=                                                                              (2.14) 
If F = 1, Davg = DD, this expression will evolve to be the form of the total mobilization 
case whereby the gas molecules absorbed in Henry and Langmuir sites are fully mobile 
and have the identical diffusion coefficient. However, since in most cases F is much 
less than 1, DD is thus much greater than Davg. 
 
2.1.2.2.3 Effective diffusion coefficient Deff 
 
If the diffusion coefficient across the membrane is concentration (i.e. location) 
dependent, the gas flux may be written as follows (Koros and Paul, 1978): 
x
CDN eff ∂
∂−=                                                                                                           (2.15) 
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where Deff is the effective diffusion coefficient and can also be rewritten as Eq. (2.16) 
by comparing Eq. (2.9) with (2.15) in the partial immobilization case, if DD and F are 





















DD                                                                                     (2.16) 
Combining Eqs. (2.14) and (2.16), one can easily deduce Eq. (2.17) as follows to 
















=                                                                                        (2.17) 
 As F is the ratio of DH to DD or viewed as the moving fraction of the Langmuir’s 
population, the value of (1 − F) is always greater than 0. Since (1 + bp2)2 is always 
equal or greater than (1 + bp2), Davg / Deff is always smaller than 1. However, Davg 
approaches to Deff if p2 is equal to 0. 
 
The effective diffusion coefficient can also be calculated from Eq. (2.18), which was 
derived from the basic definition of permeability (Koros et al, 1976; Koros and Paul, 






dPp(P)(CD +=                                                                            (2.18) 
where C2 and p2 are the upstream gas concentration and pressure, respectively. Deff (C2) 
is also called the local diffusion coefficient (Zimmerman et al, 1998) calculated at the 
skin toward the upstream pressure.  To determine Deff (C2), one must acquire the 
permeability versus pressure relationship from permeation measurements to calculate 
the first two terms of Eq. (2.18) and the solubility coefficient versus pressure 
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relationship to estimate the last term of Eq. (2.18) from sorption isotherms. If one 
applies Eqs. (2.7) and (2.10) to Eq. (2.18), Deff (C2) can be expressed in exactly the 
same way as given in Eq. (2.16). The detailed derivation of Eq. (2.18) is given in 
Appendix A. 
 
2.1.2.2.4. Apparent and Henry mode diffusion coefficients derived 
from the time-lag method (Dapp and DD,t ) 
 
The diffusion coefficient can be experimentally determined via transient permeation 
experiment employing the time-lag method, which was originally used to characterize 
rubber-like materials by assuming that the equilibrium sorption of gases followed 
Henry’s law and the diffusion coefficient is only dependent on temperature. 
Conventionally, the time-lag analysis yields an apparent diffusion coefficient as 





l=                                                                                                                 (2.19) 
where the time lag, θ can be obtained by the extrapolation of the steady-state part of 
the permeation to the time axis in the pressure versus time plot to obtain the 
interception, and l is the membrane thickness. 
 
Applying the partial immobilization model again, the time-lag method provides 

















































































                                                       (2.21) 
 
The subscript of t in DD,t refers to the time-lag method, y = bp2, f0 to f4 are the 
functions of y (Paul and Koros, 1976; Koros,1977). To calculate DD,t , one must first 
have the values of K from the sorption experiments, θ and F from the permeation 
measurements. DD,t is equal to Dapp when K or c’H approaches 0. In principle, DD and 
DD,t are the same, but the former is obtained from data fitting of permeability P versus 
1/(1 + bp2) plot obtained in equilibrium (steady-state) state as shown in Eq. (2.10), 
while the latter is calculated using Eq. (2.20) with the aid of θ obtained from transient 
permeation measurements. 
 
2.2   Pressure and temperature dependences of gas performances in 
glassy polymeric membrane 
 
The gas transport properties of glassy polymer membranes depend not only on the 
characteristics of polymers and penetrants but also on the operating conditions such as 
temperature, pressure, etc. According to the solution-diffusion mechanism, the gas 
permeability in glassy polymer membranes can be expressed as the product of the 
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average diffusion coefficient Davg and the solubility coefficient, S as eq. (2.11) (Paul 
and Yampol’skii, 1994; Koros and Fleming, 1993; Stern, 1994;Coleman and Koros, 
1994; Wang et al, 2002a; Paul and Koros, 1976; Koros, 1977): 
         SDP avg   ⋅=                                                                                                    (2.11) 
The average diffusion coefficient Davg, as a kinetic term, is governed by the amount of 
energy required for a gas molecule to execute a diffusive jump through the polymer 
and the intrinsic degree of segmental packing in the matrix. The solubility coefficient S, 
as a thermodynamic term, is dominated by the condensability of the penetrants, the 
extent of polymer-penetrant interactions, and the amount of fixed molecular-scale 
unrelaxed void volume in glassy polymers (Barrer and Skirrow, 1948; Costello and 
Koros, 1994; Costello and Koros, 1995). Apparently, the average diffusion and 
solubility coefficients are function of operating conditions such as pressure and 
temperature (Zimmerman and Koros, 1999a). 
 
The dependence of pressure on gas transport properties in glassy polymer membranes 
can be explained by using the dual-mode sorption model and partial immobilization 
model as mentioned above. The following section presents a short summary of the 
relationship between the feed gas pressure and gas transport properties in glassy 
polymeric membrane. 
  
In the case of gas sorption in glassy polymer membranes, a dual-mode sorption model 
consisting of Henry and Langmuir mode sorption has been proven effective in 
describing the sorption isotherms (Avrillon and Laffitte, 1997; Cao et al, 2002; Chung 







DHD ++=+=                                                                                     (2.7) 







D ++==                                                                                                   (2.8) 
 
It is hypothesized that the penetrants sorbed in Henry and Langmuir sites have different 
diffusion characteristics through glassy polymer membranes. Based on the partial 
immobilization model, the pressure dependence of gas permeability in glassy polymer 
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++=                                                                                            (2.10) 
Here, DD, defined as the diffusion coefficient in the Henry mode, is independent of the 
operating pressure. 
 
Generally, the gas transport process through dense membranes can be considered as an 
activated process, which indicates that the temperature dependence of gas transport 
properties might be represented by Arrhenius-type equations in the regions far from 
thermal transitions as follows (Paul and Yampol’skii, 1994; Koros and Fleming, 1993; 















−=                                                                                                      (2.24) 
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000 SDP ×=                                                                                                               (2.25) 
SDP HEE +=                                                                                                            (2.26) 
Where P0, D0, S0 are the pre-exponential factors, SH  is the heat of sorption, Ep and ED 
represent the activation energies of permeation and diffusion, respectively, and T is the 
operating temperature. 
 
The heat of sorption in rubbery polymers is regarded as the result of two factors: 1.the 
enthalpy changes from the gas phase to a pure component with the same volume as 
occupied by the penetrant in the sorbed state; 2. the heat of mixing of this “condensed” 
phase with the rubber (Koros et al, 1979).     
 
The activation energy of diffusion refers to the energy required for the diffusion jump 
of a penetrant from one equilibrium site to another neighboring site, whose magnitude 
is a function of the polymer chain packing (or cohesive energy density) and rigidity as 
well as penetrant size (Zimmerman and Koros, 1999b). 
 
In most cases, the diffusion of penetrant in polymeric membrane is enhanced with a 
increase in temperature (ED > 0), however, the gas solubility coefficient decreases with 
increasing temperature (Hs < 0), the activation energy of permeation is the product of 
these two factors as shown in eq. (2.26). But, the diffusion coefficient is generally a 
stronger function of temperature than the solubility coefficient is (i.e. sd HE > ). Thus, 
the gas permeability usually increases with temperature. 
 
2.3 Characterization of gas performance for hollow fiber membranes 
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Asymmetric composite hollow fiber membrane is the most popular type of membrane 
in gas separation. From the schematic diagram of Figure 1.2, it can be noted that it is 
hard to determine the exact thickness of the selective dense skin of asymmetric 
composite hollow fiber membrane as compared to that of symmetric membrane. As a 
result, the permeance, i.e. the ratio of the permeability over the selective dense skin 
thickness
l
P , is utilized to characterize the permeation rate of penetrant through the 
membranes, which can be defined as the flux normalized by pressure, 
∆pA
QP
⋅=l                                                                                                               (2.27)                         
where Q is the flow rate of permeation gas at standard temperature and pressure, A 
represents the membrane area and ∆p is the pressure difference between two sides of 
membrane. 
 
Additionally, the permselectivity of hollow fiber membrane for a pair of penetrants is 













l                                                                                                    (2.28) 
 
Henis and Tripodi (1981) developed the famous “Resistance model” for asymmetric 
membranes, which draws analogy between the transports of penetrant in membrane 




Figure 2.1 Schematic representation of a porous asymmetric membrane (cross-
sectional view on let, electrical circuit analog on right) (Henis and 
Tripodi, 1981) 
 
Based on the “Resistance model”, the permeance of asymmetric membrane can be 










                                                                                   (2.29) 
Here, the subscripts represent the different regions in asymmetric membrane: 1 refers 
to the surface coating area, 2 and 3 refer to the non-porous and porous areas of 
selective layer as shown in Figure 2.1. 
 
The gas transport performances of hollow fiber membrane can be characterized by 
using pure gas and mixed gas tests. For pure gas test, the permeance can be directly 
calculated from eq. (2.27) once the permeation flux, operating conditions and 
membrane module area are known. Then, their permselectivity can be attained from eq. 
(2.28). The gas performances tested under pure gas condition merely represent the 
ideal separation performance of hollow fiber membranes, but in reality, a deviation 
from the ideal separation performances of hollow fiber membranes will be expected. In 
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order to get more realistic gas transport performance, a mixed gas system has to be 
utilized for the characterization of hollow fiber membranes. In the case of mixed gas 
permeator, the characterization becomes complicated due to some influencing factors, 
such as the competition among the permeating species, plasticization of the polymers, 
non-ideal gas behavior and concentration polarization, etc. 
 
Wang et al (2002b) developed a simulation approach by using the numerical 
integration to characterize the co-current flow in a shell-feed hollow fiber permeator 
employed to separate a binary gas mixture. The derivation of this simulation model 
will be explicitly presented as follows: 
(a) Basic material balance equations 
As schematically shown in Figure 2.2, the material balance equations of the overall 




















x                                                                 (2.31) 
Here Qr is the total flow rate in the retentate side. The subscripts of 1 and 2 refer to the 
different components 1 and 2 in mixture gases. P2 and P1 are the pressures in the 
retentate and permeate side, respectively. x and y are the local concentration of 
component 1 at the membrane surface of the retentate side and the local bulk 
concentration of component 1 in the permeate stream, separately. A is the outside 
surface area of membrane, ϕi1 and ϕi2 represent the fugacity coefficients of component 




Figure 2.2 Material balance for a permeator with co-current flow pattern (Wang 
et al, 2002b) 
 
On the other hand, the pressure drop of permeate stream in the lumen of a hollow fiber 
should be taken into consideration, which is usually described using the Hagen-









⋅⋅⋅⋅=                                                                                               (2.32) 
where z is the length along the permeator, µ, R and T are the viscosity of the gas, 
universal gas constant and operating temperature, respectively. n is the number of 
hollow fibers in a module and ri is the fiber inner radius. 
(b) Concentration polarization 
The concentration polarization tends to decrease the separation efficiency of hollow 
fiber membranes, which results from the depletion of the more permeable component 
and the accumulation of the less permeable species in the boundary layer adjacent to 
the membrane surface. The relationship between the surface concentration xs and the 
bulk concentration x at the retentate side of fast permeating species can be described by 













⋅−⋅=⋅− xxxx S                                                          (2.33) 
where T0 and P0 are the standard temperature and pressure(T0 = 273.15 K and p0 = 1 
atm). )υ(duDd0.0732k 0.270.40
0.60.670.6
h ⋅⋅⋅⋅= (Donohue, 1949) 






h ⋅⋅+⋅⋅⋅−⋅⋅=  
D is the diffusion coefficient of the feed gas, u is the velocity of the feed gas along the 
hollow fiber, expressed by: 
))2
d(πn)2
d((πQu 202S0r ⋅⋅−⋅=  
ν is the kinematic viscosity of feed gas, defined as the ratio of viscosity (µ) over 
density (ρ) of feed gas, i.e. ρ
µυ = . 
Combing eq. (2.30), (2.31) and (2.33), the eq. (2.34) can be obtained to characterize 








































                                                                                                                                 (2.34) 
 
(c) Non-ideal behaviors of gases 
The non-ideal gas behavior can cause the deviation of gas performance for hollow 
fiber membrane from that of pure gas tests, especially for a mixture feed gas with high-
pressure. This is due to the fact that the fugacity coefficient of one component will be 
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reduced by the other component in the mixture, thus the driving force for both 
components are lower than that in pure gas tests at equivalent pressure.  
The relationship between the fugacity (f) and pressure (p) of a component is defined as 
(Tassios, 1993):  
pf ⋅= ϕ                                                                                                                   (2.35) 
where ϕ is the fugacity coefficient. 
In the case of pure components, the fugacity coefficients can be evaluated by using the 
virial equation of state: 
TR
pBln ⋅
⋅=ϕ                                                                                                               (2.36) 






⋅                                                                                             (2.37) 
Here pc and Tc are the critical pressure and critical temperature, separately. ω is the 
eccentric parameter of the component. f(0) and f(1) can be obtained by using the 
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where Tr is the relative temperature defined as 
C
r T
TT = . 






⋅=                                                                                                       (2.39) 
where k1,k2 are the fractions of components 1 and 2 in the mixture gases, respectively. 
In terms of the interaction of two gases, the fugacity coefficients can be described by 















                                                                                 (2.40) 
where B11, B22 refer to the pure components and can be calculated by eq.(2.37) and 
(2.38), while B12 can also be estimated from these two equations once conversion by 
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                               (2.41) 
where zc and Vc are the critical compressibility and critical volume, respectively. 
 
Based on the above equations, this simulation approach has been applied to 
characterize the gas performance of 6FDA-2, 6-DAT polyimide hollow fiber 
membranes for CO2/CH4 mixture separation in our work. However, it was found that 
the gas permeance in mixed gas tests increases with the flow rate of feed gas due to the 
influence of concentration polarization, and reaches the stable state only when the flow 
rate of feed gas is high enough. Therefore, the stable permeances obtained from mixed 
gas tests were conducted when the stage cut (the flow rates ratio of permeate gas to 






The experimental works involved in this research have been listed below as four parts: 
(i) The permeation and sorption measurements of 6FDA-6FpDA polyimide dense 
membranes for characterization of the various diffusion coefficients; 
(ii) The permeation and sorption measurements of 6FDA-2, 6-DAT polyimide 
dense membranes under various temperatures and pressures for the build-up of 
its transport properties database; 
(iii) The exploration of spinning system for fabrication of the high-performance 
6FDA-2, 6-DAT asymmetric composite hollow fiber membranes; 
(iv) The chemical cross-linking modification of 6FDA-2, 6-DAT hollow fiber 
membranes for the improvement of the resistance of CO2-induced plasticization.  
Further details of the above experiments are illustrated in this chapter respectively. 
 
3. 1  Characterization on various diffusion coefficients in 6FDA-
6FpDA polyimide dense membranes 
3.1.1    Materials 
 
6FDA–6FpDA polyimide was synthesized using solution poly-condensation reaction 
to imidize a mixture consisting of 50 mol% 2,2-bis (3,4-dicarboxyphenyl) hexafluoro 
propane dianhydrides (6FDA) and 50 mol% 4,4’-(hexafluoroisopropylidene) dianiline 
(6FpDA) in our laboratory. The chemical structure is shown in Figure 3.1. Other 
chemical reagents were used as received. The details of the synthesis are described as 
follows: 6FDA was added d to a solution of recrystallized 6FpDA in N-methyl 
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pyrrolidone (NMP) at room temperature. After stirring for at least 8 h at room 
temperature, the reaction mixture will change into a viscous polyamic acid NMP 
solution. Then the polyamic acid was imidized by adding acetic anhydride and β-
picoline to the solution. The solid 6FDA-6FpDA polyimide was precipitated out in 
methanol, followed by drying overnight in a vacuum oven at 140 mm Hg at 60-65 oC. 
(Chung and Kafchinski, 1997; Chung et al, 1991). This polyimide polymer is readily 
soluble in most dipolar aprotic solvents. This polymer has a glass transition 
temperature about 308 ◦C measured by a Perkin-Elmer DSC 7 with a heating rate of 20 
◦C/min. 
 Figure 3.1 Chemical structure of 6FDA-6FpDA polyimide  
 
3.1.2 Preparation of dense membranes 
 
The dense membranes were prepared by a solution casting method. 6FDA-6FpDA 
polyimide was dissolved in methylene chloride at about 2% (w/v) after stirring for 24 h. 
Then the polymer solution was filtered through a 1 µm filter (Whatman) to remove the 
non-dissolved contents and dust particles, and cast onto an optical glass plate enclosed 
by a metal ring at ambient temperature. After removing most of the solvent by slow 
evaporation for about 5 days at room temperature, the dense membranes were formed. 
     6FDA :      2,2-bis[3,4-dicarboxyphenyl]hexafluoropropane dianhydride  











Subsequently, the dense membranes were dried in an oven at 60 ◦C for 24 h without 
vacuum, and for another 24 h with vacuum for removing residual solvent, and then the 
oven temperature was increased from 60 to 250 ◦C at a heating rate of 12 ◦C for 20 min. 
The dense membranes were annealed at 250 ◦C for 24 h and then cooled down slowly 
in the oven. These dense membranes with thickness of about 25–50µm were stored in 
a desiccator for further tests. 
 
3.1.3 Measurements of pure gas permeation 
 
The pure gas permeability of a dense membrane was measured by using a variable-
pressure constant-volume method. The schematic diagram of dense membrane gas 
permeation test apparatus is shown in Figure 3.2 (Lin and Chung, 2001; Lin et al, 2000; 
Chung et al, 2001a; Liu et al, 2001). The permeation cell is separated into two 
compartments, upstream and downstream sides, by a dense membrane. The upstream 
side consists of a feeding valve, pressure gauge and storage bottle to provide sufficient 
feed gas with constant pressure during experiments. The whole permeation cell 
apparatus except the vacuum pump is housed in a thermostable chamber. For each 
permeation measurement of a new dense membrane, the whole system should be 
vacuumed for at least 24 h to remove the residual air or other gases in system and the 
moisture and air sorbed in dense membrane. Once a testing gas with constant pressure 
is fed to the upstream side, the increase in pressure of downstream side will be directly 
monitored by a Baratron (MKS instruments, Inc., USA) pressure transducer and 
recorded by a computer connected with a data shuttle (Workbench PC for windows-
v5.01.14). During the whole experiment, the pressure of downstream side was 
maintained below 10 mm Hg in order to minimize the influence of the rising 
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downstream pressure on the pressure drop (driving force) across the dense membrane. 
A typical curve of the relationship between downstream pressure and testing time in 
permeation experiment is shown in Figure 3.3, from which the increasing rate of 
downstream pressure,
dt




































                               Figure 3.2. Schematic diagram of dense membrane gas permeation test apparatus
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The gas permeation coefficient can be calculated from Eq. (3.1) when the permeation 
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  V 10  273.15  P 1
2
10 l                                                                                  (3.1) 
where P is the permeation coefficient of a dense membrane for a certain species of gas 
and its unit is in Barrer (1 Barrer = 1 × 10−10 cm3 (STP)-cm/(cm2 sec cmHg)), V is the 
volume of the downstream chamber (cm3), A refers to the effective area of the 
membrane (cm2), T is the experimental temperature (K) and the pressure of the feed 
gas in the upstream chamber is given by p2 (psia). dp1/dt  is the pressure increasing 
rate measured at the downstream (mmHg/sec). 
 
The pure gas permeability of 6FDA–6FpDA dense membranes was determined using 
O2, N2, CH4 and CO2. The physical properties of these gases are listed in Table 3.1. 
For each gas, measurements were conducted by varying the upstream pressure from 
3.5, 5, 10, 15 to 20 atm at a constant temperature of 35 ◦C. 
Table 3. 1 Properties of penetrants (Krevelen, 1990) 
G as 
K inetic diameter 
o
K A)(σ  
Critical tem perature Tc 
(oC) 
Lennard-Jones 
tem perature ε/k , (K ) 
N 2 3.64 -146.9 71 
O 2 3.46 -118.6 107 
CH 4 3.80 -82.6 149 




3.1.4 Measurements of gas equilibrium sorption 
 
The gas sorption isotherms of 6FDA-6FpDA membranes were measured using O2, N2, 
CH4 and CO2 at 35 ◦C by a dual-volume sorption apparatus as described in the 
publications elsewhere (Wang et al, 2002a; Koros et al, 1976; Koros and Paul, 1976; 
Costello and Koros, 1992; Zimmerman et al, 1998). The maximum test pressure 
capacity for N2, CH4 and CO2 is up to 27.2 atm (400 psi), but only 13.61 atm (200 psi) 
was employed for O2 due to safety reason. The schematic sorption apparatus is shown 
in Figure 3.4. The sorption apparatus, housed in an environmental chamber, consists of 
a reservoir cell and a sample cell where the flat dense films are placed, and the 
volumes of two cells must first be calibrated. Prior to the experiments, the whole 
system was evacuated and then gas was fed to the reservoir cell. After the equilibrium 
was reached in the reservoir, the valve connecting the two cells was quickly opened 
and then closed. When the equilibrium was achieved in the sample cell, the amount of 
gas sorbed by the polymer sample can be calculated from the eq. (3.2) based on the 
mass balance on the system. Subsequent experiments at higher pressures were carried 
out similarly by repeating the procedures of gas feeding from the reservoir to the 
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where n denotes the sorption gas  mole number in dense membrane. p, V and T refer to 
pressure, volume of cells and operating temperature, respectively. Z is the 
compressibility factor of penetrants. The meanings of the subscripts are described as 
follows: 1 and 2 are the cells number (cell #1 is the sample cell and Cell #2 is the gas 
reservoir cell), s refers to the tested membrane, I and E represent the initiation and 
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3.2  The pressure and temperature dependences of gas transport  
properties of 6FDA-2, 6-DAT polyimide dense membranes 
3.2.1 Materials 
 
6FDA-2, 6-DAT polyimide was synthesised by the chemical imidization method in our 
laboratory. The chemical structure is shown in Figure 3.5. Prior to chemical synthesis, 
6FDA(2,2’-bis(3,4-dicarboxylphenyl) hexafluoropropane dianhydride) and 2,6-DAT 
(2,6-toluene diamine) were purified by sublimation. To minimize water effects, NMP 
(N-methyl-pyrrolidone) was dried by means of molecular sieve and then distilled at 
42oC and 10 mbar. Acetic anhydride was also dried by zeolite for two days and then 
distilled from the solution. Triethylamine and methanol were used as received.  
 
A stoichiometric amount of 6FDA was added to a 2, 6-DAT solution of NMP with 
stirring under argon environment at ambient temperature. After reaction for 24 h, 
acetic anhydride and triethylamine (with a 4:1 molar ratio of acetic anhydride to 
triethylamine) were slowly added to the solution to perform imidization for 24 h.  After 
precipitation in methanol, the polymers were filtered and dried under 150 oC in 
vacuum for 24 h. The synthesized 6FDA-2, 6-DAT polyimide has a glass transitional 
temperature of about 336 oC measured by a Rheometric TA 2920 differential scanning 
calorimetry (DSC)(Research scientific Pte Ltd.) with a heating rate of 20 oC / min (Liu 
et al, 2001). The inherent viscosities were measured by using a capillary viscometer in 
NMP and the values were 0.66 dl/g and 0.75 dl/g for Batch 1 and 2. The first batch was 
used for our research in Chapters 5 and 6, and the second batch was used for our 
research in Chapter 7.  
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                    Figure 3.5 Chemical structure of 6FDA-2, 6-DAT polyimide 
 
3.2.2 Preparation of dense membranes 
 
A 2% (w/v) 6FDA-2, 6-DAT polyimide (Batch 1) solution of dimethylformamide was 
cast on an optical glass plate inside an oven with a temperature of 75 oC. After 
removing most of the solvent by slow evaporation, the temperature of the oven was 
increased to 175°C for 24h without vacuum and for another 24h with vacuum, and 
then to 250°C at a heating rate of 12°C/20min. The dense membranes were annealed at 
250°C for 24h and then cooled down slowly within the oven. Films with thickness of 
about 25-50 µ m were stored in a desiccator for further study.       
 
3.2.3 Measurements of pure gas permeation  
 
The pure gas permeation coefficients of 6FDA- 2, 6-DAT dense membranes were 













6FDA:      2,2-bis (3,4-dicarboxylphenyl ) hexafluoropropane dianhydride 
2,6-DAT:   2,6 - diamino toluene 
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50 oC. At each temperature, the permeation coefficients of four pure gases were 
measured by varying the upstream pressure from 3.5, 5, 10, 15 to 20 atm. After 
conducting CO2 tests, the system (including the sample) was vacuumed for a long time 
(at least more than 24h) and afterwards experiments were conducted using O2 as 
reference gas at 35 °C and 10 atm to check whether the residual effects induced by 
CO2 were removed.   
 
3.2.4 Measurements of gas equilibrium sorption 
 
A dual-volume sorption apparatus (Figure 3.4) was used to measure the gas sorption 
isotherms of 6FDA-2, 6-DAT membranes in the order of N2, O2, CH4 and CO2. The 
maximum testing pressure for N2, CH4 and CO2 may reach 27.2 atm (400 psi), but 
only 13.61 atm (200 psi) was employed for O2 due to safety reason. The measurements 
of sorption isotherms were conducted at five different temperatures, i.e., 30, 35, 40, 45, 
and 50 oC  
 
3.3    Formation of high-performance 6FDA-2, 6-DAT asymmetric 
composite hollow fiber membranes for CO2/CH4 separation 
3.3.1 Dope preparation and viscosity measurements  
 
The 6FDA-2, 6-DAT polyimide (Batch 1)/NMP solution was prepared by the following 
procedure: 6FDA-2, 6-DAT polyimide was first dissolved in a tank containing cold 
NMP solvent, which was cooled down to 0-3 oC in an ice  bath. The chilled solvent 
aided by a high-speed stirrer could reduce the dissolving rate of 6FDA-2, 6-DAT 
polyimide and thus prevented it from agglomerating in the early stage of preparation of 
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dope solution. Then, the dope solution was tumbled for a longer time at room 
temperature until it was fully dissolved (Chung et al, 1992; Chung et al, 1997). The 
little volatile solvent, NMP, was selected to prepare the dope solution due to the fact 
that it had strong tendency to interact with the polyimide and high miscibility with 
water, as well as relatively safe from a health standpoint (Clausi and Koros, 2000). The 
solution viscosity was measured using a 25mm cone-plate fixture under dynamic mode 
in an ARES Rheometric Scientific Rheometer (O’Connor’s Singapore Pte Ltd.). Figure 
3.6 shows the viscosities corresponding to different polymer concentrations at room 
temperature. It can be found that the viscosity increases rapidly when the concentration 
is over 25%. Since a higher polymer concentration can potentially reduce the number of 
defects on the dense selective layer of asymmetric membranes due to the polymer chain 
entanglement (Kesting and Fritzsche, 1993; Chung et al, 1992;Chung et al, 1997), a 28 
wt% 6FDA-2, 6-DAT concentration was selected to prepare the dope solution for 
hollow fibers fabrication. 
 
































 3.3.2 Spinning process and post-treatment 
 
The bore fluid composition was a 95:5 (w/w) mixture of NMP and water. The bore 
fluid   flow rate was 0.18 ml/min, while the fiber take-up speed was around 375 
cm/min. Tap water of room temperature was used as the coagulant. The details of 
spinning conditions are listed in Table 3.2. 
 
Table 3.2 Spinning conditions of 6FDA-2, 6-DAT asymmetric hollow fibers 
 
The hollow fiber spinning process utilized here is illustrated in Figure 3.7. The 
dimension of the spinneret employed in this work was listed in Table 3.2. (Chung et al, 
1997). The dope solution was fed into the annulus of the spinneret by using pressurized 
nitrogen gas, whose extrusion rate was controlled by the pressure of nitrogen. Bore 
fluid was fed into the inner tube of the spinneret by using an ISCO 500D Syringe 
pump (Jebsen & Jessen Marketing, Singapore Pte Ltd ) with an accuracy of 0.5% in 
flow rate. Once the dope solution and the bore fluid met at the tip of the spinneret, the 
Dope solution 28 wt% 6FDA-2,6-DAT in NMP 
Bore fluid NMP / Water ( 95/5 wt/wt) 
External coagulant Tap Water (Room Temperature) 
L =1.8 mm 
Spinneret dimension 
OD/ID = 0.8mm / 0.5 mm 
Air gap (cm) 3 
Spinning temperature (oC) 40.6 
Bore fluid (ml/min) 0.18 
Take-up speed (cm/min) 375 
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nascent fibers were formed. The nascent fiber entered the coagulation bath after a 3.0 
cm air-gap without additional mechanical drawing, that is, the take-up speed of the 
hollow fibers was almost same as   its free-falling velocity in the coagulation bath. Tap 
water was used as the external coagulant  in order to yield an outer selective layer. 
Upon precipitation, all the nascent fibers produced were subject to the following post-
treatment: 
1. Stored in water for 24 hours; 
2. Washed in fresh methanol three times, each wash will last for half an hour. 
3. Washed in fresh hexane three times, each wash will last for half an hour ; 
4. Dried in an oven at 75 oC for 3 hours, then the temperature was increased slowly to 
120 oC, and stayed there overnight. .   
 
3.3.3 Scanning electron microscope (SEM) 
The hollow fibers (without coating) were immersed in liquid nitrogen and fractured to 
prepare samples for SEM study. After sputtered with gold by using a Jeol JFC-1200 Ion 
Sputtering Device, the membrane morphology was determined by a Jeol JSM-5600LV 
SEM (Jeol Ltd.). 
 
3.3.4 Membrane module fabrication and silicone rubber coating 
 
Ten pieces of fibers with about 10cm length were assembled into a bundle to make a 
module, in which one end was sealed with a 5 min rapid solidified epoxy resin, while 
the other end (open-end) was glued onto a metallic holder with a regular epoxy resin. 3 
modules were fabricated for each condition and the average of two best data was 
reported. Silicone coating was conducted by dipping the hollow fiber modules in a 
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coating solution containing 3-wt% polydimethysiloxane (Sylgard-184) in hexane 
solution for 5 minutes.  
  
70









3.3.5 Evaluation of separation performance 
 
Modules were tested in both pure gas and mixed gas systems. For pure gases, a 
conditioning period of 0.25 hours for O2 and N2 or 1.5 hours for CH4 and CO2 was 
carried out before conducting permeance measurements. Figure 3.8 illustrates s the 
schematic diagram of the pure gas permeation testing apparatus. The pure gas 





⋅⋅⋅⋅=⋅= ll                                                                                      (3.3) 
Where, (P/L) is the permeance of the hollow fiber membrane (1GPU = 1×10-6 
)cmHgs(cm(STP)cm 23 ⋅⋅ ), Q represents the gas flow rate at the standard 
temperature and pressure (cm3 (STP)/s); ∆P is the pressure difference between the feed 
side and the permeation side of the membrane (cmHg), A represents the membrane 
effective surface area (cm2); n is the number of fibers in the module, D is the outer 
diameter of hollow fibers (cm); l represents the effective length of hollow fibers (cm). 
 
Figure3.8 Schematic diagram of the apparatus for gas permeation measurements 
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The ideal permselectivity of an asymmetric hollow fiber membrane is defined as the 






l=                                                                                                               (3.4) 
 
Figure 3.9 shows the schematic diagram of the mixed gas permeation testing apparatus. 
The compositions of the permeate and retentate were analyzed by a gas chromatograph 
(HP6890 series, Agilent Technologies), while their flow rates were measured by a 
digital bubble flow meter (Optiflow 570, error < 1%, Humonics Inc). The calculation 
of permeance is based on one set of differential equations mentioned in Chapter 2 
(eqs.2.30-2.41), in which the non-ideal gas behavior and pressure drop inside the 




Figure3.9 Apparatus of mixed gas permeation tests 
 
    BFM: Bubble Flow Meter 
    FGC:  Feed Gas Cylinder 
    GC:    Gas Chromatograph 
    HFM: Hollow Fiber Module 
    NV:    Needle Valve 
    PG:    Pressure Gauge 
















3. 4    The chemical cross-linking modification of 6FDA-2, 6-DAT 
hollow fiber membranes for natural gas separation. 
3.4.1 Fabrication of 6FDA-2, 6-DAT asymmetric polyimide hollow 
fibers 
6FDA-2, 6-DAT asymmetric hollow fiber membranes were wet-spun using the 
technology described in Figure3.7 and Part 3.3.2 (Cao et al, 2002;Chung et al, 1997). 
Briefly, a 25.5 wt% 6FDA-2, 6-DAT / NMP polymer solution was employed as the 
spinning dope, while a 95/5(wt %) NMP / water solution is used as the bore fluid and 
tap water is used as the external coagulant. Table 3.3 lists the details of spinning 
conditions and Figure 3.10 exhibits the cross-section, selective outer skin edge, inner 
and outer skin morphologies. The asymmetric 6FDA-2, 6-DAT hollow fibers have an 
outer diameter (OD) of about 800 µm and an inner diameter (ID) of about 400 µm.   
The 6FDA-2, 6-DAT hollow fiber membranes were post-treated by the procedure as 
described in section 3.3.2. The Modules were fabricated by assembling together 6 
pieces of hollow fibers with about 15cm length each.  
Table 3.3 Spinning conditions of 6FDA-2, 6-DAT asymmetric hollow fibers
Dope solution 25.5 wt% 6FDA-2.6DAT in NMP 
Bore fluid NMP / Water ( 95/5 wt/wt) 
External coagulant Tap Water (Room Temperature) 
L =1.8 mm 
Spinneret dimension 
OD/ID = 0.8mm / 0.5 mm 
Air gap (cm) 0 
Spinning temperature Room temperature 
Bore fluid (ml/min) 0.4 




Figure 3.10 SEM pictures of 6FDA-2, 6-DAT / NMP hollow fiber membranes 













3.4.2 Chemical cross-linking modification and coating procedure  
 
The cross-linking solution was prepared by dissolving p-xylenediamine or m-
xylenediamine in methanol with a concentration of 1% (wt/v). The 6FDA-2, 6-DAT 
hollow fibers or modules were immersed into the cross-linking solution for a certain 
period of time, followed by washing with fresh methanol three times, each with a 
period of  5 minutes. After drying in air, the hollow fibers were examined by FTIR and 
XRD, then the modules were coated by a silicone rubber solution before gas 
performance tests. The coating solution is composed of 1wt% polydimethysiloxane 
(Sylgard-184) in hexane. In order to seal any defects on the membrane outer surface, 
the outer surfaces of modules were immersed in the coating solution for 3 minutes 
under vacuum.  After cured for 48 hours in ambient environment, gas permeation tests 
were carried out. 
 
3.4.3 Characterization and evaluation of cross-linked 6FDA-2, 6-DAT 
hollow fiber membranes 
 
An ATR-FTIR (Perkin Elmer FTIR spectrometer) was used to examine the process of 
chemical cross-linking reaction with a resolution of 4 cm-1 and scan number of 16, 
while a wide-angle X-ray diffraction (GADDS XRD system, Bruker AXS) was 
employed to determine the d-spacing of hollow fiber membranes using the CuKα 
radiation wavelength. The center of broad peak on each X-ray pattern is interpreted as 
the average intersegmental distance of polymer chains. The d-spacing is calculated by 
substituting the scattering angles (2θ) of the peak into the Bragg’s equation, namely                   
θ2dsinnλ =                                                                                                             (3.5)                           
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where θ is the X-ray diffraction angle and λ= 1.54 Å.  
 
The original and cross-linked 6FDA-2, 6-DAT modules were tested in both mixed gas 
and pure gas systems in order to investigate the effect of cross-linking modification on 
CO2/CH4 separation performance and plasticization characteristics.  
 
For pure gas tests, O2 and N2 permeances were measured at 13.61 atm (200 Psi) with a 
conditioning time of 0.25 hours, while CO2 permeance was conducted from 1.36 atm 
(20 Psi) to 13.61 atm (200 Psi) with an initial conditioning time of 1.5 hours and an 
interval time of 0.5 hours. For mixed gas tests, modules were placed into a mixed gas 
environment containing 40-mol% CO2 in CH4 with a total testing pressure of around 
13.61 atm (200 psi). After conditioning for 1.5 hours, the flow rates of permeate and 
retentate were monitored by digital flow-meters (Optiflow 570, error < 1%) and their 
concentrations were analysed by a gas chromatograph (GC). The details of pure gas 
and mixed gas permeation apparatus and the methodology for the calculation of 
permeance in pure gas and mixed gas systems can be found in Section 3.3.5 and 
Section 2.3.  
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CHAPTER FOUR 
THE CHARACTERIZATION OF VARIOUS DIFFUSION 





Potential applications of  membrane gas separations has stimulated great interests in the 
study of the gas transport properties of polymers, in particular, 2,2 -bis (3,4-
dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) based polyimides. To 
identify membrane materials with superior separation performances, one must need  
comprehensive database of transport properties of penetrants through various polymers 
and understand the fundamental diffusion mechanisms(Shieh and Chung, 1999; 
Shimazu et al, 1999; Dixon-Garrett et al, 2000; Lin et al, 2000). 
 
The gas transport in polymers follows a solution-diffusion mechanism, where the 
molecules of penetrants dissolve into the membrane interface at the high-pressure feed 
side, then diffuse through the membrane due to the penetrant concentration gradient 
and finally desorb at the low pressure permeate side. The steady-state or transient 
permeation and sorption techniques as well as the dual mode transport mechanism 
have been used to characterize gas transport in glassy polymeric dense membranes 
(Paul and Koros, 1976; Koros et al, 1976; Koros and Paul, 1978; Zimmerman et al, 
1998). There are several approaches to characterize the gas diffusion through glassy 
polymers, which is either expressed as the diffusion coefficients in the Henry and 
Langmuir modes (Koros et al, 1976; Koros, 1977) or the average diffusion coefficient 
(Zimmerman et al, 1998; Houde and Stern, 1997). Besides these, the local diffusion 
coefficient, the effective diffusion coefficient as well as the apparent diffusion 
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coefficient has also been used (Koros et al, 1976; Zimmerman et al, 1998; Chung et al, 
2001a). The absolute values of diffusion coefficients depend on their definitions and 
testing methods and vary from one to another (Zimmerman et al, 1998). In the case of 
the dual-mode model, order of a magnitude difference has been observed between 
Henry and Langmuir diffusion coefficients (Koros et al, 1976). 
 
In terms of membrane materials, 6FDA–4,4-(hexa-fluoroisopropylidene) dianiline 
(6FpDA) (synthesized from 6FDA moiety and 6FpDA moiety) has attracted much 
attention recently among the glassy polymers. For instance, it was identified as a very 
promising material for olefin / paraffin mixture separation (Staudt-Bickel and Koros, 
2000). A comparison of diffusion coefficients of O2 and N2 in 6FDA–6FpDA 
determined by transient sorption/ permeation and steady-state sorption/permeation was 
reported (Zimmerman et al, 1998). The permeability and solubility coefficient of CO2 
and CH4 for 6FDA–6FpDA were also determined under different conditioning 
protocols to investigate the conditioning and plasticization responses (Coleman and 
Koros, 1999). In addition, the permeability, solubility coefficient and physical 
properties of 6FDA–6FpDA for He, O2, N2, CH4 and CO2 were compared with its five 
polyimide isomers to identify the effects of structural modifications (Coleman and 
Koros, 1994). The temperature influence on 6FDA–6FpDA was also examined, which 
revealed that it was an outstanding material candidate for use in novel elevated 
temperature applications (Costello and Koros, 1995). Hollow fiber membranes 
fabricated from 6FDA–6FpDA have also been developed for gas separation (Chung 
and Kafchinski, 1997; Hachisuka et al, 1997). 
 
The objective of this chapter is to analyze and compare the different diffusion 
coefficients of gases in 6FDA–6FpDA polyimide dense films to develop a deeper 
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understanding of the characteristics of gas penetration through membranes. The reason 
of choosing 6FDA–6FpDA as a model polymer is that 6FDA–6FpDA has excellent 
properties for gas separation as mentioned earlier. Besides, it is possible to compare 
the experimental data obtained in this work with the literature values. The transport 
properties of O2, N2, CH4 and CO2 were measured by using a variable-pressure 
constant-volume permeation cell and a dual-volume pressure-decay sorption cell in 
this work. 
 
4.2 Result and discussion 
4.2.1 Sorption isotherms of 6FDA–6FpDA polyimide 
 
The sorption isotherms at 35 ◦C for O2, N2, CH4 and CO2 are given in Figure 4.1. The 
solid curves in Figure 4.1 represent the dual-mode fits of the actual data. The dash 
broken lines are reference data by Coleman (1992), which is included for comparison 
purpose. The sorption of each gas is well described by the dual mode sorption model 
and our results are in good agreement with the literature, indicating the reliability of the 
testing system. 
  










































Figure 4.1 shows that the solubility coefficients of different gases increase in the 
sequence of N2, O2, CH4 and CO2, which is in agreement with the increasing order of 
inherent condensibilities of these gases. As reported in Table 3.1, the magnitude of 
critical temperature grows in the order of Tc (N2) < Tc (O2) < Tc (CH4) < Tc (CO2). As 
CO2 possesses the highest inherent condensability and the strongest polymer–penetrant 
interaction among the four gases, naturally, it has the highest solubility coefficient. 
 
Table 4.1 lists the sorption parameters of kD, c’H and b, which were calculated by a non-
linear least squares fit of the sorption data. It can be seen from Table 4.1 that kD and b 
increase in the order of N2 < O2 <CH4 < CO2, which is consistent with the sequence of 
solubility coefficient increase. Since kD characterize of the gas molecules affinity to sorb 
in the dissolved mode and b characterizes the rate of sorption and desorption in the 
unrelaxed polymer volume, both of them will correlate with the critical temperatures and 
the Lennard–Jones potential temperature as well as condensability. 
 




















N2 0.106 18.87 0.038 
O2 0.232 18.83 0.043 
CH4 0.287 20.63 0.117 




4.2.2 Permeability of 6FDA–6FpDA dense membranes 
 
Figure 4.2 illustrates the permeability of 6FDA–6FpDA polyimide dense membranes as a 
function of pressure at 35 oC for four gases. A slight decrease in the permeability for O2, 
N2 and CH4 can be detected when pressure is increased. The largest permeability decrease, 
approximately 16.3%, with increasing pressure is observed for CO2, the most condensable 
gas of the four gases. Such observation is consistent with the dual mode transport model as 
described by Eq. (2.10). The Langmuir mode is associated with the excess free volume 
formed in the glassy state, which makes a large contribution to the pressure-dependence 
on the permeability. When the pressure increases to a higher level, the Langmuir sites will 








































4.2.3    Various diffusion coefficients 
4.2.3.1 Diffusion coefficients in the Henry and Langmuir modes (DD and 
DH) 
 
The permeability plotted in accordance with the partial immobilization model, i.e. Eq. 
(2.10) is employed to calculate the parameters of F, DD and DH by a least-square fitting. 
These parameters of the four gases are tabulated in Table 4.2. We can see that the gas 
molecules sorbed at the Langmuir sites are mobilized to a small extent and exhibit 
lower diffusion coefficients in comparison with that sorbed by the Henry mode 
mechanism, as DD > DH are given in Table 4.2. In addition, it is noted that with an 
exception of CO2, the magnitude of DD of the three non-interacting gases increases in 
the order of CH4 < N2 < O2, which is consistent with the sequence of kinetic diameter 
decrease. This is due to the fact that smaller gas molecules tend to diffuse more rapidly 
than their larger counterparts. In the case of CO2, because of the polarity interactions 
between 6FDA–6FpDA and CO2 molecules, the diffusion coefficient of CO2 is lower 
than that of O2, even though the kinetic diameter of CO2 is smaller than that of O2. 
Table 4.2 Partial immobilization model parameters of 6FDA-6FpDA at 35oC 
(cm2/s)(cm2/s)
 
Penetrant   K        F DD D H 
N 2   6.748   
  
0.044   
  
1.63E - 7  
  
7.17E - 9  
O 2   3.495   
  
0.024   
  
4.08E - 7  
  
9.79E - 9  
CH 4  8.389   
  
0.085   
  
2.78E - 8  
  
2.36E - 9  
CO 2  11.610   
  
0.060   
  
2.55E - 7  
  
1.53E - 8  
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4.2.3.2 Average diffusion coefficient Davg and effective diffusion 
coefficient Deff 
 
Other diffusion coefficients calculated under the condition of 10 atm and 35 oC for 
various gases are summarized in Table 4.3 using the Henry mode diffusion coefficient 
as a reference. Comparing Eq. (2.10) with Eq. (2.13), one may find that the average 
diffusion coefficient (Davg) corresponds to the total mobilization case with F = 1, where 
gas molecules absorbed in Henry and Langmuir sites diffuse through the polymer with 
the same diffusion coefficient of Davg. Therefore, as expected, its value is much smaller 
than the Henry mode diffusion coefficient DD. In addition, Deff > Davg, is found for each 
individual gas, which has been mathematically proven by means of Eq. (2.17). 
 
Table 4.3 The diffusion coefficients for four gases under the condition of 10 atm 
and 35oC 
 
4.2.3.3 Diffusion coefficients derived from the time-lag method (Dapp 
and DD,t ) 
 
Difference between Dapp and Deff is large for all gases. The maximum discrepancy 
reaches 69% in CO2 case. This is due to the fact that Dapp is deduced from the 
conventional time-lag method which simply assumes that equilibrium sorption of gases 
(cm2/s) (cm2/s) (cm2/s)(cm2/s)(cm2/s) D eff D avg Dapp D D D D,t 
N 2 4.14E-08 3.33E-08 2.50E-08 1.63E-07 1.34E-07 
O 2 1.57E-07 1.25E-07 1.08E-07 4.08E-07 3.92E-07 
CH 4 1.15E-08 7.22E-09 5.07E-09 2.78E-08 2.26E-08 
CO 2 1.72E-07 8.39E-08 5.30E-08 2.55E-07 2.36E-07 
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follow the Henry’s law. Since the sorption in glassy polymers is more complicated as 
described by the dual mode model for example, the retardant diffusion of the gas 
molecules trapped in the Langmuir environment leads to longer time lags, thus yielding 
smaller apparent diffusion coefficients. 
 
The Henry mode diffusion coefficients DD,t obtained from the time-lag method for the 
four gases are in fair agreement with that previously achieved from the permeation and 
sorption isotherms as shown in Table 4.3 and Figures 4.3 – 4.6, respectively. The 
largest deviation occurs in the diffusion coefficients of CH4 and this is due to the fact 
that the influence of experimental errors to CH4 is the largest as it has the smallest 
magnitude of diffusion coefficients among the four gases. Since DD,t was developed 
from a transient permeation with a combination of the partial immobilization model, 
while DD was reduced from the steady-state permeation using the same assumption of 
partial immobilization, both of them should coincide theoretically for each individual 
gas. Figures 4.3 – 4.6 indicate the match between DD,t and DD is not exactly perfect 
with, a discrepancy of less than 20% for some gases is noticed. The discrepancy may 
arise from the experimental errors during the permeation and sorption measurements, as 






















































































































































































































































































































 Figure 4.6 The pressure dependence of diffusion coefficients for CO2
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4.2.3.4 Pressure dependence of various diffusion coefficients 
 
The pressure dependence of various diffusion coefficients for the four gases is plotted 
in Figures 4.3 – 4.6. Except the Henry mode diffusion coefficient, Deff, Davg and Dapp 
are functions of the upstream pressures. The deviations among them apparently 
increase with an increase in the pressure. The strongest pressure-dependent deviation is 
observed with CO2 due to its strongest interaction with the polymer and highest 
condensability. This may be the reason why the gas sequence in Deff is different from 
that in other diffusion coefficients such as CO2 > O2 at 10 atm in Table 4. 3. The impact 
of (1 + bp2) 2 to Deff in the denominator of Eq. (2-16) is materialized with increasing 
pressure, thus the effective diffusion coefficient of CO2 increases rapidly with 
increasing pressure and surpasses the effective diffusion coefficient of O2. 
 
Figures 4.3 – 4.6 also reveal an interesting phenomenon that in the extreme condition 
when the upstream pressure approaches 0, which means that gas is infinitely dilute, 
difference between Deff, Davg and Dapp disappears. It is shown by the curves that are 
intercepting the y-axis at the same point. Since Davg, Deff and Dapp are the functions of 
upstream pressure, their concentration dependent characteristics may become negligible 
at extremely dilute environments. On the other hand, when the upstream pressure is 
sufficiently high, the value of Deff approaches the value of DD, as shown indirectly in 
Eq. (2.16), indicating the Langmuir environments are saturated and the Henry mode 
dominates eventually. 
 
A comparison of the O2 and N2 diffusion coefficients of the current work and that 
published in the literatures (Coleman and Koros, 1992; Coleman, 1994; Costello, 1994) 
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is tabulated in Table 4.4. The differences are less than 20% for the two cases, even 
though the measurements are not conducted under entirely the same conditions. The 
good agreement suggests that the data of diffusion coefficients of 6FDA–6FpDA 
membranes presented here are reliable. 
 









12.4 2.5 Costello, 1994 
13.2 2.9 Coleman, 1992 Deff 
15.7 3.79 This work 
11.8 3.0 Costello, 1994 
12.5 3.1 Coleman and Koros, 1994 Davg 






The gas diffusion in 6FDA–6FpDA polyimide dense membranes has been 
characterized using various diffusion coefficients, namely the Henry and Langmuir 
mode diffusion coefficients DD and DH, the average diffusion coefficient Davg, the local 
diffusion coefficient or the effective diffusion coefficient, Deff as well as the apparent 
diffusion coefficient Dapp, based on the permeation and sorption measurements. 
 
The gas molecules trapped at the Langmuir sites are mobilized to a small extent and 
exhibit lower diffusion coefficients than those sorbed at the Henry sites, hence DD > 
DH, when the partial immobilization model is adopted. The Henry mode diffusion 
coefficients DD,t obtained from the time-lag method are in fair agreement with DD 
values that were obtained from the permeation and sorption isotherms. Except for CO2, 
the magnitude of DD, DH, Davg and Dapp of the three non-interacting gases increases in 
the order of CH4 < N2 < O2 that is consistent with the sequence of decreasing kinetic 
diameter. The strongest pressure dependence is observed in CO2 due to its strongest 
interaction with the membrane and the highest condensability. 
 
The magnitudes of all the diffusion coefficients discussed are in the sequence of DD 
(DD,t) > Deff > Davg > Dapp > DH within the pressure range of experiments. However, in 
the extreme condition of upstream pressure approaching 0, the differences among Deff, 
Davg and Dapp disappear, whereas the value of Deff becomes closer to the value of DD or 
DD,t when the upstream pressure is high enough. 
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CHAPTER FIVE 
PRESSURE AND TEMPERATURE DEPENDENCES OF 
GAS TRANSPORT PROPERTIES OF 6FDA-2, 6-DAT 




Polymeric membrane-based technology has been widely applied to gas separation and 
purification processes such as hydrogen recovery from the purge stream of ammonia 
syntheses and carbon dioxide removal from natural gas (Paul and Yampol’skii, 1994). 
The establishment of a successful membrane-based gas separation process is mainly 
determined by the following issues: material selection, membrane formation, module 
fabrication and system design (Koros and Fleming, 1993). A detailed fundamental 
database of gas transport properties through polymer membranes is vital to membrane 
material selection. 
 
6FDA (2,2-bis (3,4-dicarboxylphenyl) hexafluoropropane dianhydride) based 
polyimide membranes possess high gas permeability and permselectivity for gas 
separation. This is owing to the fact that their rigid structures, which contain bulky 
CF3 groups, can not only inhibit efficient packing of polymer chains but also reduce 
local segmental mobility (Matsumoto et al, 1993; Stern, 1994). In addition, 6FDA-
based polyimides exhibit many other desirable properties such as spinnability, thermal 
and chemical stability and mechanical strength (Chung et al, 1994; Hachisuka et al, 
1997). Thus, extensive research efforts have been given to 6FDA-based polyimide 
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membranes. For instance, the gas permeability coefficients and sorption coefficients of 
6FDA-6Fdiamine polyimides (Coleman and Koros, 1994; Wang et al, 2002b), 6FDA-
TAB and 6FDA / PMDA-TMB copolymers (Zimmerman and Koros, 1999b), 6FDA-
m-DDS (Kawakami et al, 1996), 6FDA-durene (Lin and Chung, 2001), 6FDA-durene / 
pPDA (Lin et al, 2000), 6FDA-durene / mPDA (Chung et al, 2001a) and 6FDA-durene 
/ 2,6-diaminotoluene (Liu et al, 2001), 6FDA-durene/3,3’-diaminodiphenyl sulfone 
(Liu et al, 2002), 6FDA-PPSI polyimide (Xu et al,1997) and 6FDA-2, 6- DAT 
(Tanaka et al, 1992; Ohya et al, 1996) dense films have been reported as a function of 
pressure and temperature.  
 
Among the aforementioned polyimides, 6FDA-2, 6- DAT (poly (2,6-toluene-2, 2-bis 
(3,4-dicarboxylphenyl) hexafluoropropane diimide)) has been identified as one of 
promising membrane materials for natural gas separation. Its CO2 permeability is about 
40 Barrer and CO2/CH4 permselectivity is around 45 at 35 oC and 10 atm (Tanaka et al, 
1992; Ohya et al, 1996). Highly selective 6FDA-2, 6-DAT asymmetric composite 
hollow fiber membranes have been fabricated by French scientists using the 6FDA-2, 
6-DAT/1,4-dioxane/NMP formulation as the spinning solution. The resulting fibers 
showed a permeance of 162 GPU for CO2 and a permselectivity of 74 for CO2/CH4 
under pure gas tests (Avrillon and Laffitte, 1997). The exceptionally high CO2/CH4 
permselectivity might be caused by plasticization.  
 
 Extensive reports have shown that the CO2 induced plasticization in polyimide 
membranes can cause severe deterioration of membrane performance (Paul and 
Yampol’skii, 1994; Koros and Fleming, 1993; Stern, 1994; Coleman and Koros, 1997; 
Bos et al, 1999). This arises from the fact that the CO2 induced plasticization increases 
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the interstitial spacing between polymeric chains by swelling and as a result accelerates 
the diffusions of penetrants and reduces gas permselectivity. Since 6FDA-2, 6-DAT 
polyimide hollow fiber membranes show a strong tendency to be plasticized by CO2 
(Avrillon and Laffitte, 1997; Cao et al, 2002), while no report on the plasticization of 
6FDA-2, 6-DAT dense membranes can be found, the purpose of this work is to carry 
out a thorough investigation on its intrinsic transport properties as a function of 
temperature and pressure in order to evaluate the potential of 6FDA-2, 6- DAT 
polyimide in the applications of gas separation. An exhaustive database of 6FDA-2, 6-
DAT transport properties is reported. The CO2 induced plasticization phenomenon is 
investigated up to 32 atm at 35 oC. 
 
5.2 Results and discussion 
5.2.1 Sorption behavior of 6FDA-2, 6- DAT dense membranes  
 
The sorption of a penetrant in a glassy polymer is a thermodynamic process that 
depends on the critical temperature of the penetrant, the polarity of the penetrant and 
polymer, and the amount of penetrant-scale non-equilibrium unrelaxed voids present in 
the material (Meares, 1954). Figures 5.1 and 5.2 show the CH4 and CO2 sorption 
isotherms of 6FDA-2, 6-DAT dense membranes at 30, 35, 40, 45 and 50 oC, in which 
the curves are plotted via the dual-mode (eq.2.7) fittings of experimental data by non-
linear least square method (Solver function in Excel software). Table 5.1 lists the 
parameters kD, cH’ and b of 6FDA-2, 6-DAT polyimide as a function of gas species at 
various temperatures. It can be easily seen that the parameters of kD and b increase in 
the sequence of N2, O2, CH4 and CO2, which is in agreement with their increasing 
critical temperature order as listed in Table 3.1. Since kD characterizes the penetrant 
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affinity to be sorbed into the Henry sites, while parameter b characterizes the 
equilibrium rate between sorption and desorption in the Langmuir sites, it is not 
surprising that both kD and b have certain relationships to the critical temperatures of 
corresponding penetrants.   
 
According to the dual-mode sorption model, the total sorption can be divided into two 
parts in terms of Henry and Langmuir modes as described in Eqs. (2.7) and (2.8). The 
concentration of sorbed species in the Henry mode is linear with operation pressure so 
that the corresponding solubility coefficient remains constant and independent of 
pressure. In contrast, the sorption concentration in the Langmuir mode gradually 
increases with the increase in pressure until it reaches an equilibrium value. Figure 5.3 
illustrates the pressure dependences of solubility coefficients for all the gases tested at 
35 °C.  It is observed that the influence of pressure on the solubility coefficients of N2, 
O2 and CH4 are much less than that of CO2. The solubility coefficient of CO2 drops 
dramatically with increasing pressure in the low pressure range, then tends to level off 
in the high pressure range, indicating the effect of pressure on CO2 solubility 
coefficient in the Langmuir sites is significant at low pressures, but can be ignored once 
all the Langmuir sites are occupied by the penetrant at high pressures.  
 
The temperature dependence of solubility coefficient is characterized by the heat of 
sorption of gases. Table 5.2 tabulates the heats of sorption and the activation energies 
of permeation and diffusion for O2, N2, CH4 and CO2. The calculation was conducted 
using Arrhenius-type equations of (2.22) to (2.24) with data from sorption isotherms 
from 30 to 50 °C.  The magnitude of the heat of sorption is mainly determined by a 
combination of two factors, 1) the tendency of the “gaseous” penetrant being sorbed 
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into the polymer matrix in a “condensed” phase, i.e., the negative average enthalpy 
change, and 2) the positive enthalpy required to create a site for the sorption (Meares, 
1954; Costello, 1994). The negative values of Hs imply that the sorption of penetrants 
in 6FDA-2, 6-DAT dense membranes are dominated by the physicochemical nature of 
the penetrants and are exothermic processes, thus the solubility coefficients decrease 
with an increase in temperature. In addition, except for CO2, the absolute values of the 
heat of sorption for O2, N2 and CH4 decrease with the increase in pressure, indicating 
that at higher pressures there is a stronger tendency for penetrants to be condensed and 
gas sorption in Henry sites becomes dominant because Langmuir sites have been 
gradually saturated.  
 
The stronger tendency of condensation of gases at higher pressures results in less 
average enthalpy change. So the first factor associated to the heat of sorption is less 
negative. On the other hand, based on Koros and Paul’s early work (Koros et al, 1979), 
the enthalpy of a CO2 molecular sorbed in Henry sites is higher than that in Langmuir 
sites (a difference of 1300 cal / mole in polyester PET). This is due to the fact that 
microvoids already exist for the Langmuir case and no additional energy is needed to 
open polymeric chains in order to insert a sorbate molecule. While in the Henry case, 
chains must be opened slightly in order to accommodate the penetrant. Thus the second 
factor associated to the heat of sorption is more positive as the Henry mode sorption 
plays an overwhelming role when pressure increases. As a combined effect, the 




The pattern of the heat of sorption for CO2 shown in Table 5.2 is very interesting. 
Similar to the corresponding patterns of other gases, the absolute value of the heat of 
sorption of CO2 decreases with increasing pressure in the low-pressure range. However, 
the trend changes after 10 atm, showing the heat of sorption of CO2 increases with 
increasing pressure. The only possible explanation for this trend change is 
plasticization. In other words, CO2 induced plasticization increase the interstitial 
spacing between polymer chains, which reduces the positive enthalpy required to create 
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5.2.2 Diffusion behavior of 6FDA-2, 6- DAT dense membranes 
 
Figures 5.4 to 5.7 illustrate the permeation isotherms of 6FDA-2, 6-DAT polyimide 
dense membranes for four gases at 30, 35, 40, 45 and 50 oC respectively. From the 
sorption and permeation experimental results, the average diffusion coefficients of 
6FDA-2, 6- DAT dense membranes at various temperatures and pressures were 
calculated according to Eq. (2-11) and displayed in Table 5.3. It can be seen that the 
average diffusion coefficients follows the order of CH4<N2<CO2<O2, which, with an 
exception of CO2, is well consistent with the decreasing sequence of the kinetic 
diameters (σk) of penetrant molecules (Table 3.1). The exception of CO2 may be 
associated with the linearity of CO2 molecules (Chung et al, 1994; Kresse et al, 1999; 
Shieh and Chung, 1999). Thus, it may not be appropriate to correlate CO2 diffusion 
coefficient with its kinetic diameter (Shieh and Chung, 1999).  
 
Table 5.3 also shows that the average diffusion coefficient increases with increasing 
pressure for all the gases tested. With the increase in pressure from 3.5 atm to 20 atm, 
the average diffusion coefficient of N2 increases by 41-64%, O2 by 26-35%, CH4 by 85-
92% and CO2 by 112-123%. The exceptionally high increase of CO2 diffusion 
coefficient was not only due to its high condensability, but also to the effect of 
orientation specific diffusion jumps because of small and linear molecules (Chung et al, 
1994; Kresse et al, 1999; Shieh and Chung, 1999). The moderate increases of N2 and 
CH4 diffusion coefficients are due to the fact that 1) a higher feed pressure results in a 
higher equilibrium concentration of gas in the polymer and 2) the Henry mode sorption 
becomes dominant for the diffusion process at high pressures. In other words, N2 is a 
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low condensable gas with a relative large molecular size and CH4 has a large molecular 
size, Langmuir mode would dominate their sorption processes at low feed pressures. 
Since the gas diffusion coefficient in Langmuir sites is much slower than that in Henry 
sites, the diffusion coefficients of N2 and CH4 at low pressures are rather low. Thus, 
moderate increases s of N2 and CH4 diffusion coefficients occur when the sorption 
mechanism changes from a Langmuir dominant mode at low pressures to a Henry 
dominant mode at high pressures.  
 
On the other hand, being a thermally activated process, the diffusion of penetrants 
increases significantly as temperature is raised. Thus, the activation energies of 
diffusion are positive as indicated in Table 5.2. The activation energy for diffusion 
jumps follows the order of CH4≥ N2> O2> CO2, which is in agreement with the order of 
penetrant kinetic diameters as σk(CH4)=3.8 Å > σk(N2 )=3.64Å > σk(O2)=3.46Å > 
σk(CO2)=3.3Å. Thus, the temperature dependence of diffusion coefficient increases 
with an increase in penetrant size, as demonstrated in Table 5.3.  
  
107



















































































































































































9.98.87.45.44.60.930.810.680.530.4913.912.811.710.610.33.4 3.1 2.8 2.5 2.4 50 
8.98.06.85.04.20.720.630.530.420.3912.611.811.010.19.83.1 2.8 2.5 2.2 2.2 45 
8.87.96.74.84.10.630.550.460.360.3311.610.910.29.49.22.8 2.5 2.3 2.0 1.9 40 
7.76.95.94.23.50.560.490.410.320.3010.79.99.18.48.22.3 2.1 1.8 1.5 1.4 35 









































CO 2CH 4O 2N 2 t 
° 
C 
D: 10-8 cm2/s 
  112
5.2.3 Permeation behavior of 6FDA-2, 6- DAT polyimide  
 
To address permeability related issues in more detail, the solubility coefficient and 
diffusion coefficient should be taken into consideration, as the permeation through 
dense membranes consists of both solution and diffusion processes. As described in Eq. 
(2-26), the activation energy of permeation is a combination of a negative heat of 
sorption and a positive activation energy of diffusion. Since SD HE >  applies for all 
the gases at various pressures, the diffusion plays a primary role in determining the 
dependence of overall permeation on temperature.  As a result, the permeability 
coefficients of all the gases increase with temperature. Besides, the temperature 
dependence of permeability is more significant for larger molecules such as N2 and 
CH4, because the increased transient gaps in the polymer matrix due to the increase of 
temperature can facilitate their diffusions.    
 
 Table 5.4 tabulates the permselectivity, solubility selectivity and diffusion selectivity 
of CO2 over CH4 in 6FDA-2, 6-DAT dense membranes at various temperatures and 
pressures in pure gas tests. Clearly, 6FDA-2, 6-DAT dense membranes have an 
excellent permselectivity of above 30 for CO2/CH4 at broad experimental conditions. 
The superior permselectivity is mainly determined by the diffusion selectivity because 
it is much greater than the corresponding solubility selectivity. In addition, the 
permselectivities drop slightly with an increase in pressure because the net contribution 
of pressure dependence of solubility selectivity is offset by the pressure dependence of 
diffusion selectivity. Also, as temperature increase, both the solubility selectivity and 
diffusion selectivity decrease. The decrease of solubility selectivity is due to a negative 
sum of Hs (CO2) and Hs (CH4); while the decrease of diffusion coefficient is due to the 
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fact that the temperature dependence of diffusion coefficient increases with the increase 
of penetrant size. Therefore, they lead to the decrease in permselectivity. 
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Table 5.4 Permselectivity, solubility selectivity and diffusion selectivity for CO2 over CH4 in 6FDA-2, 6-DAT dense membranes 

























































































































5.2.4 Plasticization study of 6FDA-2, 6-DAT dense membranes 
 
In the previous study of 6FDA-2, 6-DAT asymmetric hollow fiber membranes, it was 
observed that CO2 permeance increases with increasing pressure even at a pressure of 
about 3.40 atm (50 psi) (Cao et al, 2002). However, at the current study, 6FDA-2, 6-
DAT flat dense films show a decrease in CO2 permeability with an increase in pressure 
up to 28 atm, and then tend to level off. The threshold pressure for plasticization 
cannot be identified from the permeability vs. pressure curves even after the testing 
pressure reaches 32.7 atm (466psi) at 35°C, as illustrated in Figure 5.7.  
 
The discrepancy in permeability (permeance) vs. pressure relationship between hollow 
fiber and flat dense membranes has been reported and explained elsewhere for 6FDA-
based polyimides and Matrimid 5218 polyimide (Jordan et al, 1990; White et al, 1995; 
Krol et al, 2001). In short, membranes possessing loosely packed nodules in the dense 
selective skin (mostly prepared by a phase inversion process) are more vulnerable to 
CO2 sorption. Since the 6FDA-2, 6-DAT flat dense membrane was prepared by slow 
evaporation and multistage heat treatments, it consists of tightly packed molecular 
chains, thus can withstand the swelling stresses induced by the CO2 sorption. 
 
On the other hand, this study also suggests that it is not appropriate to conclude that the 
6FDA-2, 6-DAT material does not possess a strong tendency to be plasticized by CO2. 
In addition to examine its permeability vs. pressure relationship, a better approach is to 
investigate its absolute value of the heat of sorption of CO2 as a function of CO2 
pressure. Since CO2 induced plasticization swells up the polymer chains, which 
reduces the positive enthalpy required to create a site for a penetrant to be sorbed. The 
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absolute value of the heat of sorption of CO2 should decrease with increasing pressure 
at a low-pressure range, but increase with increasing pressure after passing the inherent 
threshold pressure for plasticization. Mathematically, the inherent threshold pressure 
for plasticization may be defined as the turning point in the heat of sorption of CO2 vs. 
pressure curve, where the gradient of the absolute value of heat of sorption against 
pressure turns from negative to positive.  
 
5.3 Conclusions  
 
 
We have studied transport properties of O2, N2, CH4 and CO2 as a function of pressure 
and temperature in 6FDA-2, 6-DAT flat dense membranes. The following conclusions 
can be drawn from this study:   
1. The sorption isotherms are fairly fitted with the dual-mode sorption model. The 
magnitudes of dual-mode sorption parameters kD and b of these four gases 
follows the same increasing sequence of their critical temperatures, i.e. N2 < O2 
< CH4 < CO2. Gas solubility coefficients decrease with either increasing 
pressure or increasing temperature. In addition, the absolute values of the heats 
of sorption for O2, N2 and CH4 decrease with increasing pressure in the whole 
pressure range. However, the trend changes for CO2 if the feed pressure is 
greater than the inherent threshold pressure for plasticization.  
2. The average diffusion coefficient, calculated from the solution-diffusion 
mechanism, increases in the order of O2 > CO2 > N2 > CH4, which is in 
agreement with the decreasing sequence of kinetic diameters except for CO2, 
which has different kinetic and collusion diameters. The average diffusion 
coefficients were found to be accelerated at higher pressures and higher 
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temperatures. Additionally, the temperature dependence of diffusion 
coefficients increases with an increase in penetrant size.  
3. The permeability vs. pressure relationship fits the partial immobilization model 
well. The temperature dependence of diffusion coefficients was found to play a 
dominant role in determining the temperature dependence of overall 
permeation.  
4. This study suggests that the plasticization pressure cannot be determined d 
from the permeability vs. pressure relationship. A better approach is proposed 
to identify the plasticization pressure in polymer membranes by examining its 
absolute value of the heat of sorption of CO2 as a function of CO2 pressure. The 
inherent threshold pressure for plasticization is the turning point in the heat of 
sorption of CO2 vs. pressure curve, where the gradient of the absolute value of 





FORMATION OF HIGH-PERFORMANCE 6FDA-2, 6-
DAT ASYMMETRIC COMPOSITE HOLLOW FIBER 
MEMBRANES FOR CO2/CH4 SEPARATION 
 
6.1 Introduction  
 
The membrane-based technology has been employed in many gas separation processes 
owing to the advantages of less capital for installation, low energy consumption and 
easy operation of the system (Koros et al, 1988; Paul and Yampol’skii, 1994). 
However, to extend its applications to CO2/CH4 separation for natural gas processing, 
there still exist several unresolved issues. Researchers are still searching ideal 
membrane materials, exploring feasible membrane fabrication technologies and trying 
to understand the transport mechanisms of CO2 containing mixtures through the 
polymer membranes (Abdulreza, 1999). 
 
Hollow fiber format is one of the most suitable membrane types for gas separation, as 
it has a large ratio of membrane surface area over volume. A simple and practical 
method has been developed to fabricate composite asymmetric hollow fiber 
membranes by sealing the defects with silicone rubber (Henis and Tripodi, 1981). In 
terms of preparing asymmetric hollow fiber membranes, both ternary and binary dope 
spinning systems have been demonstrated to yield ultrathin skin-layer hollow fiber 
membranes if appropriate spinning conditions are chosen (Chung et al, 1997).  
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The gas transport performance of membranes is determined by many factors. One of 
them is the ageing phenomenon, which will make the gas separation performances of 
membranes deteriorate over time (Coady and Davis, 1982; Lin and Chung, 2000; 
Pfromm et al, 1993; Rezac et al, 1993; Dorkenoo and Pfromm, 1999; Chung and Teoh, 
1999; Chung and Kafchinski, 1996; McCaig and Paul, 2000). For CO2/CH4 separation, 
there exist additional complexity in which the membrane performance is heavily 
influenced by CO2 induced plasticization (Koros and Fleming, 1993; Wessling et al, 
1991; Liu et al, 2001; Raymond et al, 1993), which can show different separation 
performances for pure gas and mixed gas systems (Raymond et al, 1993; Wang et al, 
2002b; Ettouney and Majeed, 1997). 
  
It was reported that hollow fiber membranes spun from the 6FDA-2, 6DAT/1,4-
dioxane/NMP system have impressive properties (Avrillon and Laffitte, 1997). Pure 
gas tests conduced at 8.03 atm (118 psi) show a permeance of 162 GPU (1GPU = 1×10-
6 cmHg)s(STP)/(cmcm 23 ⋅⋅ ) for CO2 and a permselectivity of 74 for CO2 / CH4, 
whereas mixed gas tests at 25.04 atm (368 psi) exhibit a permeance of 155 GPU for 
CO2 and a permselectivity of 59 for CO2/CH4. This material seems to have great 
potential to be applied to the natural gas processing. However, the spinning system and 
conditions reported in the patent are unsuitable for scale up production and meeting 
environmental regulations. This is due to the following facts: (1) the 6FDA-2, 6-DAT 
polyimide cannot dissolve well in the solvent mixture of 1, 4-dioxane and NMP. Thus, 
it is not easy to prepare a fully dissolved and stable solution; (2) the bore fluid was 
made of a mixture of acetic acid, water and 1, 4-dioxane; (3) the external coagulant was 
constituted by a 52-wt% acetic acid aqueous solution, whose concentration has to be 
maintained during the experiment. Acetic acid is corrosive while 1, 4-dioxane is toxic. 
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Both are undesirable for fiber spinning. The high permselectivity and permeance 
reported by Avrillon and Laffitte suggest strong susceptibility of their hollow fibers to 
CO2 induced plasticization and physical aging. 
 
In this research, our objective is to develop a simple and convenient fabrication system 
to prepare 6FDA-2, 6-DAT asymmetric composite hollow fiber membranes. It is 
investigated if a 6FDA-2, 6-DAT/NMP polymer solution, NMP/water mixture and 
water can be used as the spinning dope, the internal and external coagulants, 
respectively. In addition, both pure and mixed gas testes are conducted to measure the 
separation performance of CO2 and CH4 and to verify the influence of plasticization. 
Furthermore, the time-dependent drifts in the permeability and permselectivity of these 
membranes are monitored to confirm their applicability for long-term use.   
 
6.2      Results and discussion 
6.2.1 Separation performance of 6FDA-2, 6-DAT asymmetric 
composite hollow fibers 
 
Although the spinning system reported in the previous patent (Avrillon and Laffitte, 
1997) had successfully fabricated 6FDA-2, 6-DAT hollow fiber membranes with high 
performances, it has several drawbacks as pointed out in the introduction section. Our 
new spinning system can overcome these shortcomings. Firstly, environmentally 
friendly NMP is employed as a solvent to prepare the solution, which can dissolve 
6FDA-2, 6-DAT polyimide very well. The usage of the binary system (one polymer 
and one solvent) has the advantage of convenience for dope preparation as compared to 
the ternary system (one polymer, one solvent and one non-solvent).  Secondly, a 
  121
mixture of NMP and water was used as the bore fluid, while tap water was utilized as 
the external coagulant. Both make the spinning process much easier and less corrosive.  
 
Table 6.1 summarises the performances of 6FDA-2, 6-DAT asymmetric composite 
hollow fiber membranes at various conditions. The nascent 6FDA-2, 6-DAT hollow 
fibers have an outer diameter (OD) of 480 µm and an inner diameter (ID) of 210 µm, as 
well as an apparent dense skin thickness of about 3900 Å. Their initial permeance of 
CO2 is 300 GPU and the permselectivity for CO2 / CH4 is 65 at 13.61 atm (200 psi), 
which is comparable with reported data (CO2 permeance of 162 GPU and CO2/CH4 
permselectivity of 74) shown in the French patent. This clearly demonstrates that our 
simpler binary spinning system and process conditions can produce 6FDA-2, 6-DAT 
asymmetric composite hollow fibers membranes with similar performances as reported 
in the patent (Avrillon and Laffitte, 1997).  
 
Figure 6.1 shows that CO2 permeance increases with pressure starting from the first 
measurement of 1.36 atm (20 psi), which reveals that 6FDA- 2, 6-DAT hollow fiber 
membranes have a strong tendency to be plasticized by CO2. As a result, pure gas tests 
show a very high CO2 permeance and a misleadingly high CO2/CH4 permselectivity 
because of CO2 induced plasticization. A mixed gas permeation test is therefore 
needed.  
 
Figure 6.2 illustrates the performance of 6FDA- 2, 6-DAT hollow fiber membranes as a 
function of the feed mixed gas flow rate after the hollow fibers experienced 185-day 
physical ageing and reached the equilibrium state. Both CO2 and CH4 permeances 
increase with the feed flow rate due to the effect of concentration polarization in the 
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module. When the flow rate is high enough, the effect of concentration polarization 
becomes negligible and the permeance tends to reach a stable value. The stable values 
of CO2 and CH4 permeances are 59 GPU and 1.46 GPU, respectively, which 
corresponds to a CO2/CH4 permselectivity of around 40.  Compared with the pure gas 
performance, it may be concluded that the results in the mixed gas system are more 
reasonable to represent the actual performances of 6FDA- 2, 6-DAT hollow fibers. 
Compared to the existing commercially available membranes with permselectivity of 
25-35 (Paul and Yampol’skii, 1994) with a permeance of less than 40 GPU, our mixed 
gas data indicate 6FDA-2, 6-DAT polyimide is one potential material in the application 
of CO2/CH4 separation. In addition, since the reported CO2/CH4 permselectivity from 
the dense 6FDA- 2, 6-DAT membrane was about 45-46 (Tanaka et al, 1992; Ohya et al, 
1996) at 35 oC, it strongly suggests that the CO2/CH4 permselectivity value obtained 
from the current mixed gas tests is more consistent (and reliable) with the literature 




Table 6.1 Comparison of performances for 6FDA-2, 6-DAT asymmetric hollow fiber membranes 
1GPU = 1× 10 - 6 cm 3 (STP)/cm 2- s - cmHg 
* Calculation based on the O2 permeability in literature ( Tanaka et al,1992) (Dense film 
properties:  O 2 /N 2 selectivity of 5.0 and permeability of 11.3  barrer at 35 oC and 2 atm ) 
Testing Conditions Permeance (GPU) Selectivities 
6FDA-2, 6DAT 













23 oC 13.61atm (200 Psi) 15.1 2.67 1.21 76 5.66 63 
Conditioning time: 
   For O2 & N2: 0.25 hs 
   For CH4 & CO2: 1.5hs 
Testing sequence: 
   O2, N2, CH4, CO2. 
Current work 
Fiber parameters: 
OD: 480  µm            
ID: 210 µm  
Apparent dense skin 
thickness :  3900 Å * 
Mixed gases 18 oC 13.61atm (200 Psi)   1.46 59  40 
Conditioning time: 1.5 hs 
40%CO2 + 60% CH4 
          (Mol %) 
Pure gases 20 oC 8.03 atm (118 Psi)   2.20 162  74  Patent’s work  
(Avrillon and Laffitte, 
1997) Mixed gases 20 oC 25.04atm(368 Psi)   2.63 155  59 
30%CO2 + 70% CH4 




























































































































































































Flow rate of feed gas (ml/s) 
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6.2.2 Aging study of 6FDA-2, 6-DAT asymmetric composite hollow 
fiber membranes 
  
Figure 6.3 and Figure 6.4 illustrates the pure gas permeances as a function of time for 
6FDA-2, 6-DAT hollow fiber membranes. The permeances drop sharply during the first 
30 days and tend to level off slowly. However, the permselectivities for CO2/CH4 and 
O2/N2 remain nearly unchanged with time. After 185 days’ physical ageing, the 6FDA-
2, 6-DAT hollow fibers almost reach their steady state, which exhibits a CO2 
permeance of 76 GPU and a CO2/CH4 permselectivity of 63. Comparing with the initial 
data in Table 6.1, CO2 permeance drops about 75% and CO2/CH4 permselectivity 
remains almost constant. The severe drop in permeance is in agreement with previously 
reported data for polyethersulfone and fluoropolyimide hollow fiber membranes (Lin 
and Chung, 2000; Chung and Teoh, 1999; Chung and Kafchinski, 1996). 
 
It is believed that the cause of aging was due to the fact that the polymer chains were in 
a non-equilibrium state when the polymer dope experienced the phase inversion process 
during the hollow fiber formation. The polymer chains tend to relax and densify 
towards an equilibrium state with time, thus the excess free volume and molecular 
mobility are reduced with aging (Lin and Chung, 2000; Rezac et al, 1993; Dorkenoo 
and Pfromm, 1999; Chung and Teoh, 1999; Chung and Kafchinski, 1996; McCaig and 










































































































6.2.3 Morphology of 6FDA-2, 6-DAT asymmetric hollow fiber 
membranes 
 
Figure 6.5 shows the SEM images of the hollow fibers. From the magnified cross-
sectional pictures of Figure 6.5(b), firstly, it is found that the shapes of inner edges are 
more irregular and rougher than that of the outer edges. This is because the bore fluid 
contains 95 wt % NMP in water, while the external coagulation agent is water, which is 
a strong non-solvent and can induce rapid precipitation at the fiber outer skins. 
Secondly, the finger-like macro-voids stemming from the inside of the fibers can be 
observed, which were probably created by a close match in solubility parameter 
between bore fluid and spinning solution (Chung et al, 1997) as well as by unbalanced 
stresses during the hollow fiber formation as pointed out by the previous authors 
(Chung et al, 1997; Cabasso, 1981; McKelvey and Koros, 1996). A loose and a dense 
structure can be observed in the inner and outer surfaces of hollow fiber membranes, as 
shown Figure 6.5(c) and (d), respectively. This is because the moisture-induced 
precipitation process took place firstly within a certain air-gap distance, then water as a 
strong coagulant made the instantaneous liquid-liquid demixing occur in the coagulant 
bath. As a result, dense morphologies are found at the outer skins of the hollow fibers. 
The uniformly microporous inner surface (Figure 6.5(e)) is due to the prolonged liquid-
liquid demixing process occurring at the inner surface since the bore fluid was made of 
a high solvent concentration (95w%) of NMP. No visible defects can be observed on 




              
           










             

















We have demonstrated that the high-performance 6FDA-2, 6-DAT asymmetric 
composite hollow fibers membranes could be prepared using a simple and convenient 
spinning system. A 6FDA-2, 6-DAT/NMP polymer solution was employed as the 
spinning dope, water as the external coagulant and 95/5 (in weight) NMP/water as the 
bore fluid. Experiments reveal that 6FDA- 2, 6-DAT asymmetric composite hollow 
fiber membranes have a strong tendency to be plasticized by CO2 and suffer from 
severe physical ageing. However, the newly developed 6FDA-2, 6-DAT hollow fibers 
still possess impressive ultimate stabilized performance with a CO2 / CH4 
permselectivity of 40 and a CO2 permeance of 59 GPU under mixed gas tests when 
compared to the performance of existing commercially available membranes operating 
at low pressures. These results manifest that 6FDA-2, 6-DAT polyimide is one of 
promising membrane material candidates for CO2/CH4 separation application if its 
anti-plasticization characteristics can be improved. Chemical modifications to reduce 




Chemical Cross-linking Modification of 6FDA-2, 6-DAT 
Hollow Fiber Membranes for Natural Gas Separation 
7.1 Introduction 
 
The separation of carbon dioxide from methane customarily takes place in the 
processes of natural gas treatment, enhanced oil recovery, landfill gas and digester gas 
upgrading, and flue gas recovery in order to reduce pipeline corrosions induced by 
CO2 as well as to produce high-purity energy products (Noble and Stern, 1995; 
Abdulreza, 1999; Paul and Yampol’skii, 1994; Koros and Fleming, 1993; Houde et al, 
1996; Staudt-Bickel and Koros, 1999). Polymer membrane-based technology is 
competitive for this kind of applications based on the following facts: 1. The high 
pressure of feed gas is a ready-made driving force for permeation; 2. CO2 is more 
permeable than CH4 in most membranes. Thus the enriched CH4 as the residual stream 
still retains at a high pressure for other operations without a significant pressure loss. A 
successful membrane product for natural gas separation can be achieved if it possesses 
the following material and performance characteristics: 1) inherently high 
permselectivity for CO2 and CH4 gas pair, and 2) immunity to plasticization induced 
by CO2. The CO2-induced plasticization usually causes a severe deterioration of 
membrane separation performance in the natural gas application. 
 
The 6FDA-2, 6-DAT asymmetric composite hollow fibers with high performance for 
CO2/CH4 separation have been successfully prepared by an environmental-friendly 
fabrication technology (Cao et al, 2002; Chung et al, 2001b). The stabilized hollow 
fibers possess good separation performances with a CO2/CH4 permselectivity of 40 and 
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a CO2 permeance of 59 GPU under mixed gas tests. However, these hollow fibers are 
prone to be plasticized by CO2 even at a very low pressure of 3.40 atm (50 psi) (Cao et 
al, 2002). In order to use 6FDA-2, 6-DAT hollow fibers in natural gas separation, one 
must find ways to enhance their resistance to CO2 induced plasticization.  
 
The CO2 induced plasticization refers to the increase of CO2 permeability as a function 
of feed pressure (Bos et al, 1999; Ismail and Lorna, 2002). According to the solution-
diffusion mechanism, the permeation of penetrants in glassy polymer membranes is 
controlled by two aspects: solution and diffusion (Paul and Yampol’skii, 1994; Koros 
and Fleming, 1993; Stern, 1994; Koros, 1977). In most glassy polymers, the diffusion 
coefficient has a bigger contribution to the permeability. Being a kinetic factor, the 
diffusion coefficient is correlated to the packing and motion of polymer segments, and 
the size and shape of penetrating molecules. As a plasticizer, CO2 enters the interstitial 
space between polymer chains, which can induce a larger free volume or/and enhance 
segmental and side groups’ mobility (Paul and Yampol’skii, 1994; Koros and Fleming, 
1993; Staudt-Bickel and Koros, 1999; Bos et al, 1999; Ismail and Lorna, 2002; Koros, 
1977, Bos et al, 1998a; Wessling et al, 1991). Though the CO2-induced plasticization 
accelerates the diffusion of penetrants, simultaneously, it severely deteriorates the gas 
permselectivity of CO2/CH4. Therefore, many efforts have been carried out to 
minimize the effect of plasticization caused by CO2 on the membrane separation 
performance.  
 
Cross-linking modifications of polymer membranes have been proven to be an 
effective method in improving anti-plasticization characteristics. The cross-linking 
modifications can be carried out by diverse methods such as thermal treatment (Bos et 
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al, 1998a), ion beam (Won et al, 2000) and UV irradiation (Liu et al, 1999; Wright and 
Paul, 1997; Hayes, 1988; Kita et al, 1994; Matsui et al, 1997) and chemical reaction 
(Staudt-Bickel and Koros, 1999; Liu et al, 2001). Extensive research demonstrate that 
the two methods, thermal treatment and photocrosslinking, though render marvelous 
anti-plasticization properties to polymeric membranes, have their limitations such as 
relatively long heat treatment time and difficulty in uniform treatment of cylindrical 
fibers, thus limit their potential for the modification of hollow fiber membranes. In 
addition, heat treatment at an elevated temperature not only damages the subtle 
structure of asymmetric membranes, but also creates other complexities for continuous 
manufacturing of hollow fiber membranes. The disadvantage of photochemical cross-
linking reaction is its susceptibility to experimental conditions, such as irradiation time 
or/and the type of mercury lamp. Knowing above, this study seeks to establish a much 
better and practical chemical cross-linking modification for hollow fiber membranes, 
which can be accomplished at room temperature.   
 
Recently, a novel chemical cross-linking method for polyimide membranes has been 
discovered in our lab. Simply by immersing the 6FDA-based polyimide membrane into 
a p-xylenediamine/methanol solution for a certain period of time at ambient 
temperature, the chemical cross-linking reaction takes place between polyimide and p-
xylenediamine. This method has been successfully applied in modifications of 6FDA-
durene dense films and dual-layer hollow fibers consisting of a 6FDA-durene/mPDA 
(50:50) as the outer selective layer and a polyethersulfone as the inner supporting layer 
(Liu et al, 2001) 
In this paper we report the chemical cross-linking method established in our laboratory 
can be applied to 6FDA-2, 6-DAT asymmetric hollow fiber membranes based on the 
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evidence from FTIR spectra and summarize the effects of cross-linking modification on 
gas separation performance and resistance characteristics to CO2-indcued plasticization 
using both pure and mixed gas tests. In addition, we investigate if m-xylenediamine can 
also be utilized as a chemical cross-linking agent. 6FDA-2, 6-DAT hollow fibers cross-
linking modified by p-xylenediamine and m-xylenediamine are compared and 
evaluated. 
 
7.2    Results and discussion 
7.2.1 Characterization and mechanism of the chemical cross-linking 
reaction using FTIR  
 
The chemical structure changes of 6FDA-2, 6-DAT hollow fibers induced by p-
xylenediamine can be illustrated by the ATR-FTIR spectra, as shown in Figure 7.1. 
The characteristic peaks of imide groups are at 1784 cm-1 (asymmetric stretch of C=O 
in the imide group), 1722 cm-1 (symmetric stretch of C=O in the imide group), and 
1366 cm-1 (stretch of C-N in the imide group), while amide group at 3373 cm-1 (stretch 
of N-H in the amide group), 1642 cm-1 (stretch of C=O in the amide group), and 1537 
cm-1 (stretch of C-N and/or bend of N-H in the amide group). The original 6FDA-2, 6-
DAT hollow fibers do not possess the characteristic peaks of amide group; but for the 
cross-linked 6FDA-2, 6-DAT hollow fibers, with an increase in immersion time in the 
cross-linking solution, the characteristic peaks of amide group appear and intensify. At 
the same time , the intensities of the characteristic peaks of imide group decrease. The 
following semi-quantitative analysis may elucidate the cross-linking process. 
 
The peak at 1240cm-1 (stretch of C-F in the CF3 group) may be selected as an internal 
reference since its intensity is irrelevant to the chemical cross-linking reaction. 
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Therefore, one may approximately estimate the degree of cross-linking from the area 
ratio of the imide group at the characteristic peak of 1366 cm-1 to the internal reference 
peak at 1240cm-1. Figure 7.2 shows the Lorentzian curve fitting method to calculate 
the areas of these two peaks on a FTIR spectrum, while Figure 7.3 illustrates the 
dependence of area ratio, A1366 / A1240, decreases with an increase in immersion (cross-
linking) time. Based on the percentage of area reduction, approximately an average of 
8.5 % polyimide located near the outer skin converts to amide networks if the 
immersion time in the 1% (wt/v) p-xylenediamine/methanol solution is 1 min, the 
average degrees of conversion increase to 14 and 38.5 % (not shown in Figure 7.3) if 
the immersion times are 3 and 60 min, respectively. As shown in Figure 7.3, no 
significant difference on the average degrees of conversion can be observed if p-
xylenediamine is replaced by m-xylenediamine. 
 
Based on the FTIR spectra, the reaction mechanism of cross-linking modification may 
be deduced as follows: the amino groups of p-xylenediamine break the C-N bonds of 
the imide groups of 6FDA-2, 6-DAT polyimide, thus some of the imide groups are 
converted to amide groups, which yield a 3-dimensional network structure in the 
modified 6FDA-2, 6-DAT hollow fibers. Figure 7.4 describes the chemical mechanism 
of this cross-linking reaction, which is similar to the one that takes place in the cross-
linking modifications of 6FDA-durene polyimide and 6FDA-durene/mPDA 




































     Figure 7.1 A comparison of FTIR spectra of 6FDA-2,6-DAT hollow fiber membranes (a) original sample; (b)-(c) cross-linked samples 






















Figure 7.2 Curve-fitting results of the FTIR spectrum in 6FDA-2,6-DAT hollow fibers with cross-linking modified by 1% (wt/v) p-
xylenediamine/methanol solution for 5 min to characterize the cross-linking degree






   Figure 7.3   Effect of immersion time on the area ratio of imide group at 1366 cm-1 to the reference peak at 1240 cm-1 in cross-linked 
















































































































7.2.2 Effects of p-xylenediamine induced cross-linking modification on 
gas separation performance 
 
Table 7.1 and 7.2 summarise the gas separation performance of 6FDA-2, 6-DAT 
hollow fibers in pure gas and mixed gas conditions as a function of immersion time in 
the p-xylenediamine and m-xylenediamine cross-linking solutions. As described in our 
previous work (Cao et al, 2002), the mixed gas testing results are more suitable to 
express the actual gas performances of hollow fiber membranes especially for 
CO2/CH2 separation. In order to reduce concentration polarization, the permeances 
obtained from mixed gas tests were conducted in the stage cut range of 5% to 10%.  
 
The following facts may be derived from Tables 7.1 and 7.2: 
1. The p-xylenediamine induced chemical cross-linking modification results in a 
reduction in CO2 permeance. Even for the immersion time as short as 0.5 
minutes, the pure O2 permeance drops 59% from 9.5 to 3.9 GPU, while the 
CO2 permeance in the mixed gas tests decreases by 42% from 55 to 32 GPU. 
CO2 permeance shows a severe decrease (≥ 65% drop) if the immersion time is 
greater than 3 minutes.  
2. The CO2/CH4 permselectivity firstly exhibits a slight increase from 60 
(unmodified) to 63 (3 minutes) with an increase in immersion time, then the 
permselectivity drops to 47 at the immersion time of 5 minutes.  
3. A similar permeance decrease is observed for O2 permeance. However, the 
cross-linking modification lowers the O2/N2 permselectivity. Similar decrease 
on O2 permeance and O2/N2 permselectivity have been reported and discussed 
on the cross-linked 6FDA-durene polyimide (Liu et al, 2001).     
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Usually, chemical cross-linking modifications may result in 1) tightening the 
interstitial spaces among the polymer chains which decreases the penetrants diffusion 
path, 2) protecting nodule integrity from CO2 induced swelling, or / and 3) restricting 
polymer chain vibration for diffusion jumps. As a result, the diffusion of penetrants 
through the membrane is likely hindered and correspondingly their permeances 
decrease drastically.  
 
Figure 7.5 shows the XRD spectra of as-spun and cross-linked hollow fibers. The 
figure indicates almost no changes on d-spacing (about 5.69 Å) after the chemical 
cross-linking modification. This implies that the cross-linking induced by p-
xylenediamine does not alter the average inter-segmental distance of polymer chains 
significantly, but rather protect nodule integrity from CO2 induced swelling (discussed 
in the next section) as well as restrict chain vibration for diffusion jumps. Thus a 
longer immersion time in the cross-linking solution may result in a higher degree of 
chain restriction, which slows down gas diffusion and lowers permeance. 
 
Since the kinetic diameter of CH4 is greater than that of CO2 (3.80 vs. 3.30Å), the 
chain restriction has a greater effect on the diffusion jumps of the former than of the 
latter. As a consequence, there is a slight CO2/CH4 permselectivity increase at the 
initial stage of cross-linking reaction. However, as cross-linking reaction continues, the 
chain segments become so compact, which hinders both the permeations of CO2 and 
CH4. Thus, the CO2/CH4 permselectivity worsen. 
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Table 7.1 Comparison of performances for cross-linking modified 6FDA-2,6-DAT hollow fiber modules 
1GPU = 1×10-6 cm3(STP)/cm2-s-cmHg
* Calculation based on the O2 permeability in literature (Tanaka et al,1992) (Dense film 
properties: O2/N2 selectivity of 5.0 and permeability of 11.3 barrer at 35
oC and 2 atm)





















1 0 23 oC 200 Psi 9.5 4.9 55 60 0.091 
2 0.5 23 oC 200 Psi 3.9 3.9 32 55 0.067 
3 1 23 oC 200 Psi 3.2 4.1 31 56 0.065 
4 3 23 oC 200 Psi 2.4 4.1 19 63 0.052 
5 5 23 oC 200 Psi 2.7 3.8 12 47 0.051 
¾ Chemical cross- linking solution: 
       1%(wt/v) p-xylenediamine in 
       methanol 
¾ Hollow Fiber parameters: 
      OD: 800  µm         
       ID: 400 µm  
       Apparent dense skin 
       thickness :  11895 Å * 
¾ Conditioning time: 
 Pure gas :     0.25 hs 
       Mixed gas :  1.5   hs 
¾ Mixed gas composition: 































 1GPU = 1×10
-6 cm3(STP)/cm2-s-cmHg 
* Calculation based on the O2 permeability in literature (Tanaka et al, 1992) (Dense film 
properties: O2/N2 permselectivity of 5.0 and permeability of 11.3 barrer at 35 oC and 2 atm) 














0.5 23 oC 200 Psi 32 55 
1%(wt/v) 
p-xylenediamine 
in   methanol 
 
 
3 23 oC 200 Psi 19 63 
0.5 23 oC 200 Psi 25 59 1%(wt/v) m-
xylenediamine in  
methanol 3 23 oC 200 Psi 18 59 
¾ Hollow Fiber parameters: 
      OD: 800  µm         
       ID: 400 µm  
       Apparent dense skin 
       thickness :  11900 Å * 
¾ Conditioning time: 
       Mixed gas :  1.5   hs 
¾ Mixed gas composition: 




























   Figure 7.5  A comparison of XRD spectra of 6FDA-2,6-DAT hollow fiber membranes (a) original sample; (b)-(c) cross-linked samples 






7.2.3 Resistant improvement to plasticization of cross-linked 6FDA-2, 
6-DAT hollow fibers  
 
To investigate the effect of CO2 plasticization on cross-linked 6FDA-2, 6-DAT hollow 
fiber modules, the permeation tests were carried out at a pressure range from 1.36 atm 
(20 psi) to 13.61 atm (200 psi) in a pure CO2 system. Figure7.6 illustrates the 
experimental results. For unmodified wet-spun 6FDA-2, 6-DAT modules, a 
plasticization pressure around 6.80 atm (100 psi) is found. Below this pressure, CO2 
permeance decreases with an increase in the operating pressure following the partial 
immobilization model. However, beyond 6.80 atm (100 Psi), CO2 permeance increases 
with increasing pressure. The plasticization pressure of 6.80 atm (100 Psi) also appears 
in 6FDA-2, 6-DAT hollow fibers with low degrees of cross-linking, which were 
prepared with immersion times of 0.5 and 1 minutes. However, cross-linked 6FDA-2, 
6-DAT hollow fibers prepared with 3- and 5-minute immersion times show no sign of 
plasticization up to 13.61 atm (200 psi) and their CO2 permeance decreases 
monotonically with increasing pressure. Clearly, the proposed chemical cross-linking 
method can effectively enhance nodule integrity and suppress the CO2-induced 
plasticization in 6FDA-2, 6-DAT hollow fibers once the cross-linking reaches a certain 
degree.     
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Figure 7.6 CO2 permeance as a function of pressure for 6FDA-2, 6-DAT hollow fiber modules cross-linked by immersing in 1%(wt/v)  p-
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7.2.4 Effects of m-xylenediamine induced cross-linking modification on 
6FDA-2, 6-DAT hollow fibers 
 
Table 7.2 shows a comparison of 6FDA-2, 6-DAT hollow fibers cross-linked by p-
xylenediamine and m-xylenediamine/methanol solutions. They yielded comparable 
CO2 permeances, indicating that the m-xylenediamine/methanol solution can 
effectively introduce cross-linking reactions into 6FDA-2, 6-DAT hollow fibers at 
ambient temperature.  
 
According to the cross-linking reaction mechanism shown in Figure 7.4, the molecules 
of p-xylenediamine or m-xylenediamine are incorporated into the polymer chains and 
their molecular lengths have to be correlated to the interstitial space and intra-
segmental packing of the network structures in the cross-linked 6FDA-2, 6-DAT 
hollow fibers. Since the N-N distances of p-xylenediamine and m-xylenediamine 
determine the lengths of cross-linking joints between the crossed linked polyimide 
main chains, their lengths and conformation may affect molecular packing. Based on 
Cerius2, the N-N distances of p-xylenediamine and m-xylenediamine are about 6.9-7.6 
and 6.0-7.0 Å, respectively. Therefore, the m-xylenediamine modified 6FDA-2, 6-
DAT hollow fibers will have a slightly tighter chain packing, and a smaller CO2 
permeance and a higher permselectivity than that of p-xylenediamine modified ones 
are expected. However, within the experimental errors, results shown in Table 7.2 
exhibit comparable CO2 permeances and permselectivities of CO2/CH4 for 6FDA-2, 6-
DAT hollow fiber membranes cross-linked by both xylenediamine agents. No 
substantial difference can be found. The possible subtle differences in membrane 
sorption and separation performance induced by these two cross-linking agents will be 
the subject of our future research.  
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7.3 Conclusion  
 
The following conclusions can be drawn from this study:   
1. P-xylenediamine or m-xylenediamine show comparable effectiveness to induce 
cross-linking modifications in asymmetric 6FDA-2, 6-DAT hollow fiber 
membranes and the resultant membranes exhibit enhanced resistance to CO2-
induced plasticization.  
2. FTIR spectra confirm chemical cross-linking reactions that took place between 
6FDA-2, 6-DAT and xylenediamine at ambient temperature, suggesting the imide 
groups of 6FDA-2, 6-DAT has partially changed into amide groups and formed 
networking structures.  
3. The permeance of cross-linking modified membranes decreases with an increase in 
the degree of cross-linking, while CO2 / CH4 permselectivity varies only slightly 
and remains reasonably high.  
4. The proposed chemical cross-linking modifications do not significantly change the 
d-spacing of 6FDA-2, 6-DAT membranes, but protect nodule integrity from CO2 







In this research, a systematical exploration on membrane-based CO2/CH4 gas 
separation has been reported, which covers the following four aspects: (1) to study the 
various diffusion coefficients on the basis of permeation and sorption experiments by 
using a model membrane material, 6FDA-6FpDA polyimide; (2) to build up the 
transport property database of 6FDA-2, 6-DAT polyimide membrane under the 
condition of various pressures and temperatures; (3) to develop a simple and practical 
spinning system for the fabrication of the 6FDA-2,6-DAT asymmetric composite 
hollow fiber membranes with high-performance for CO2/CH4 separation; (4) to extend 
the chemical cross-linking modification to 6FDA-2,6-DAT hollow fiber membranes in 
order to enhance their resistance to CO2-induced plasticization. Further detailed 
conclusions were summarized as follows. 
 
8.1 The characterization of various diffusion coefficients of 6FDA–
6FpDA polyimide membranes 
 
We have used 6FDA-6FpDA polyimide (synthesized from 6FDA moiety (2,2’-bis(3,4-
carboxylphenyl) hexafluoropropane dianhydride) and 6FpDA moiety (4,4’-
(hexafluoroisopropylidene) dianiline)) as a model polymer to analyse and compare 
different diffusion coefficients for different gases to provide a deeper insight into the 
characteristics of gas permeation through dense membranes. The gas diffusions of N2, 
O2, CH4 and CO2 in 6FDA-6FpDA polyimide dense films were characterized by 
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means of the Henry and Langmuir mode diffusion coefficients DD and DH, the average 
diffusion coefficient Davg, the local diffusion coefficient (or the effective diffusion 
coefficient Deff) as well as the apparent diffusion coefficient Dapp, based on the 
permeation and sorption measurements. The Henry mode diffusion coefficients DD,t 
obtained from the time lag method are in fair agreement with that DD calculated from 
the permeation and sorption isotherms. 
 
Except for CO2, the magnitude of DD, DH, Davg and Dapp of the three non-interacting 
gases increases with the order of CH4 < N2 < O2 that is consistent with the sequence of 
decreasing kinetic diameter. Diffusion coefficient of CO2 has the strongest pressure 
dependence. The magnitude of diffusion coefficients follows the sequence of DD (DD,t) 
>Deff  > Davg > Dapp> DH. However, the deviations among Deff, Davg and Dapp 
apparently diminish if the upstream pressure is extreme low or at an infinite diluted 
situation, while the values of Deff and Davg tend to approach the values of DD or DD,t  
under a sufficiently high upstream pressure, as the Langmuir sites are saturated and the 
Henry mode primarily takes charge of gas transportation. 
 
8.2 Pressure and temperature dependences of gas transport properties 
of 6FDA-2, 6-DAT polyimide dense membranes 
The gas transport properties of poly (2,6-toluene-2, 2-bis (3,4-dicarboxylphenyl) 
hexafluoro-propane diimide)(6FDA-2, 6- DAT) have been investigated. They were 
measured by pure gas permeation and sorption experiments using the variable-pressure 
constant-volume and the pressure-decay methods, respectively. The sorption behavior 
of 6FDA-2, 6- DAT dense membranes is well described by the dual mode sorption 
model and has certain relationships to the critical temperatures of penetrants. The 
solubility coefficients decrease with an increase in pressure because of the saturation of 
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Langmuir sites. The negative values of the heat of sorption indicate that the sorption is 
dominated by the physicochemical nature of the penetrants, thus solubility coefficients 
decrease with an increase in temperature. The temperature dependence of diffusion 
coefficient increases with an increase in penetrant size, as the order of the activation 
energy for diffusion jump follows CH4> N2> O2> CO2. Also, the average diffusion 
coefficient increases with increasing pressure for all the gases tested. As the combined 
contributions from the sorption and diffusion, the permeability decreases with an 
increase in pressure and kinetic diameter of penetrant molecules. Even up to 32.7 atm, 
no plasticization phenomenon was observed on 6FDA-2, 6-DAT flat dense membranes 
from their permeability vs. pressure curves. However, it is interesting to notice that, 
similarly to other gases, the absolute value of the heat of sorption of CO2 decreases 
with increasing pressure at a low pressure range, but the trend changes when the feed 
pressure is greater than 10 atm. This implies that CO2-induced plasticization may occur 
and reduce the positive enthalpy required to create a site into which a penetrant can be 
sorbed. Thus, a better diagnosis of inherent threshold pressure for the plasticization of a 
glassy polymer membrane may be to examine its absolute value of the heat of sorption 
as a function of pressure and to identify the turning point, where the gradient of the 
absolute value of heat of sorption against pressure turns from a negative to a positive 
value.  
 
8.3 Formation of high-performance 6FDA-2, 6-DAT asymmetric 
composite hollow fiber membranes for CO2/CH4 separation 
 
It was reported that 6FDA-2, 6-DAT polyimide can be used to fabricate hollow fiber 
membranes with excellent performances for CO2/CH4 separation. In order to simplify 
the hollow fiber fabrication process and verify the feasibility of 6FDA-2, 6-DAT 
hollow fiber membranes for CO2/CH4 separation, a new one-polymer and one-solvent 
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spinning system (6FDA-2, 6-DAT/NMP) with much simpler processing conditions 
was developed and the separation performance of newly developed 6FDA-2, 6-DAT 
hollow fiber membranes was further studied under the pure and mixed gas systems.  
 
Experimental results reveal that 6FDA- 2, 6-DAT asymmetric composite hollow fiber 
membranes have a strong tendency to be plasticized by CO2 and suffered from severe 
physical ageing with an initial CO2 permeance of 300 GPU drifting to 76 GPU at the 
steady state.  However, the 6FDA-2, 6-DAT asymmetric composite hollow fibers still 
exhibit impressive ultimate stabilized performance with a CO2/CH4 permselectivity of 
40 and a CO2 permeance of 59 GPU under mixed gas tests. These results manifest that 
6FDA-2, 6-DAT polyimide is one of promising membrane material candidates for 
CO2/CH4 separation application.  
 
8.4 Chemical cross-linking modification of 6FDA-2, 6-DAT hollow 
fiber membranes for natural gas separation 
 
A simple and practical chemical cross-linking method have been demonstrated to 
impart the improved plasticization resistance to the 6FDA-2, 6-DAT asymmetric 
hollow fibers by immersing them into a p-xylenediamine or m-
xylenediamine/methanol solution for a short period of time at ambient temperature. 
FTIR spectra confirm that the chemical cross-linking reactions take place between 
xylenediamine and imide groups of 6FDA-2, 6-DAT and form amide groups. The 
effects of cross-linking modifications on gas separation performance and the resistance 
to plasticization characteristics were examined by using both pure and CO2/CH4 mixed 
gas tests. Permeances of all gases tested decrease with an increase in the degree of 
  154
cross-linking, while CO2/CH4 permselectivity varied in a narrow range. 6FDA-2, 6-
DAT hollow fibers show favorable resistance to plasticization once the cross-linking 
reaches a certain degree. XRD spectra indicate almost no changes on the average 
intersegmental distance of polymer chains after cross-linking modifications, strongly 
indicating that the cross-linking modifications tend to protect nodule integrity from 
CO2 induced swelling and restrict polymer chain vibration for diffusion jumps. In 
addition, we found that m-xylenediamine has a similar cross-linking effectiveness as p-
xylenediamine on 6FDA-2, 6-DAT hollow fibers, both yield hollow fiber membranes 
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Derivations of the average diffusion coefficient and the effective 
diffusion coefficient based on the definition of permeability (Wang et 
al, 2002a) 
 
The permeability (P) of a membrane for a given gas is defined as the flux (N) 
normalized for the pressure difference across the membrane and membrane thickness 







==                                                                                               (A.1) 
where p2 and p1 are the pressures at the upstream and downstream of the membrane, 
respectively. The gas transport through the membrane obeys Fick’s law as 
dx
dCD(C)N −=                                                                                                             (A.2) 
where D(C) is a local concentration-dependent diffusion coefficient of a penetrant at 
any arbitrary point between the membrane and dC/dx is the local concentration 
gradient at the same point in the membrane. By combining equations (A.1) and (A.2) 
and integrating over the membrane thickness with a negligible down stream pressure 
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where Davg is defined as ∫ 2C0 2CD(C)dC , the solubility coefficient S is equal to C2/p2, 
as the downstream pressure is negligible.  
 
The differentiation of equation (A.3) with respect to the concentration at any arbitrary 
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